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Chapter 1

The human immune system

The immune system is a major contributor to human health by protecting against
various threats from both inside and outside the body. Humans are constantly exposed
to pathogens like bacteria and viruses. However, the immune system is usually able
to quickly eliminate these pathogens before we get very sick. The importance of our
immune system is underscored by the fact that large parts of it are evolutionarily
conserved among mammals and to a degree among other jawed vertebrate species [1].
The human immune system consists of both cellular and humoral (proteins and other

molecules secreted by both immune and non-immune cells) components.

The human immune system can be divided into two parts: the innate part and the
adaptive part. While these two parts heavily supplement and even depend on each
other, they fundamentally differ in their mode of operation. The innate immune system
comprises multiple cell types and sets of proteins (such as the complement system),
which can react very fast to any threat, are often short-lived, and do not have a
‘memory’ of past encounters with pathogens [2]. Although there are exceptions to all
of these characteristics, the cells and molecules of innate immunity can be seen as first
responders, they start acting within seconds to minutes of the appearance of a potential
threat. They are important in clearing the bulk of pathogens, but also dead cells and
debris, and are mainly generalists which rely on a limited set of pattern recognition
receptors to identify their target [3]. Upon recognition and elimination of pathogens,
innate immune cells can also communicate with each other, through the release of
cytokines to either enhance or decrease the local state of inflammation and immune
activation. This process is especially important for the activation and instruction of the

adaptive immune system.

The adaptive or acquired immune system takes a longer time (in the order of days up to
one or two weeks) to develop a full response upon the first encounter, which will then
be very specific for the current threat. The main cell types in adaptive immunity are B
and T lymphocytes, of which there is a continuous generation of a pool of naive cells.
Each of these cells have a different receptor with which they recognize a specific target,
their antigen. When these B and T cells encounter their antigen, they require an extra
stimulatory signal instructing them to proliferate and specialize, from a combination
of other activated immune cells, the activated complement system or other danger
signals [4]. This instruction of adaptive immune cells by the innate immune system is
an important example of the communication between the two different parts of the
immune system. However, the interaction can also be in the other direction, from
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adaptive to innate, for instance when immunoglobulins produced by B cells bind their

antigen and instruct complement and innate cells to react against this antigen.

When a particular threat (like an infection) has passed, it is crucial that the cellular
immune response contracts and the inflammation stops. At the same time, some cells
of the adaptive immune system, so-called memory cells, continue to exist for years
and have the ability to quickly proliferate upon re-infection. The retaining of memory
cells helps the adaptive immune elicit a faster and stronger response upon the next
encounter of the same pathogen and thereby provides better protection. This process
is exploited in the case of vaccination. A vaccine typically contains a dead bacterium or
virus, or one of its components, to mimic an infection, and to which the body raises an
initial immune response including memory cells. Subsequently, when an actual infection
with this particular pathogen occurs, there are already specific B and/or T cells in place

to quickly reactivate and respond against the infection.

The complement system

A collection of interacting proteins called the complement system forms an integral
part of the innate immune system. While the complement system was initially named
because it ‘complemented’ immunoglobulins in the killing of bacteria, many additional
functions for complement have since been described [5]. The complement system
consists of the classical, lectin and alternative pathways, which all converge into the
terminal pathway. The chain of activating molecules starting from the classical pathway
are termed C1 to C9, while cleaved products are denoted with the addition of an
‘a’ or ‘b’ [6]. Various inhibitors, which can be found both in fluid phase and on the
surface of cells, act on most of the intermediate molecules to regulate these activation
pathways. In this thesis, there is much focus on Clq, which is the recognition protein
for the classical pathway. It consists of six arms with an N-terminal collagen-like region
(CLR) and a C-terminal globular head (GH), which are linked at the CLR. Each arm is a
heterotrimer of polypeptides (A, B and C chains) connected through disulfide bonds. The
elaborate architecture of 18 polypeptide chains gives Clq its large size of approximately
450 kDa and it is abundantly present in the circulation, with a serum concentration
around 0.2 mg/ml. While the majority of complement proteins are synthesized in the
liver, C1q is, in contrast, produced by several types of immune cells, mainly monocytes,
macrophages and dendritic cells [7].

The GHs of Clqg can bind to various isotypes of immunoglobulins, C-reactive protein
(CRP) and dead or dying cells, and thereby allow its associated enzymes Cl1r and Cls
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to cleave C4 and C2. The activated fragments C4b and C2a together deposit on the cell
surface of the target and form the convertase that activates C3. Similarly, the lectin
pathway is initiated by mannose-binding lectin (MBL), collectins or ficolins, which also
use C4 and C2 to activate C3 and the further complement cascade. Addition of a cleaved
C3b to C4b and C2a completes the convertase which activates C5. The alternative
pathway is constitutively activated by the spontaneous hydrolysis of C3, which binds
factor B and allows factor D to cleave and activate another molecule of C3 into C3b and
C3aand thereby continuously challenges defense by complement regulators on the cells
in its immediate environment. Foreign cells and particles are not protected by human
complement regulatory proteins and will therefore be subject to alternative pathway
complement activation. Because the deposition of C3b and subsequent recruitment of
factor B can cause the activation of yet more C3, the alternative pathway also serves as
an amplification loop for the classical and lectin pathways.

After the activation pathways converge at C3 activation, the complement cascade
reaches its end when the complement proteins C5b, C6, C7, C8 and 18 copies of C9 form
the membrane attack complex (MAC), thereby puncturing the cell membrane, aimed
at causing cell lysis [8]. Apart from direct lysis by the MAC, the deposition of activated
complement components, especially C3b, activates immune cells with complement
receptors to act against the opsonized target. Both the complement system as a
whole, and individual proteins outside the context of complement activation, also have
functions other than defense against pathogens [9]. For example, when antibodies bind
their target and form immune complexes in the blood, complement deposition allows
their clearance from the circulation through interaction with complement receptor 1.
Similarly, binding of C1q and a controlled amount of complement activation on dying
or dead cells can be beneficial. It helps phagocytes in their waste disposal task via
complement receptors, while moderation is needed to prevent formation of the MAC
and spilling of cellular content into the environment [10]. Deficiency of Clq or other
classical complement pathway proteins is associated with inadequate clearance of
cellular debris, and often leads to autoimmune disease, which will be discussed later.
This adds to the status of the complement system as an indispensable component of
healthy human physiology.

B cells and antibodies

The human adaptive immune system has three major classes of molecules to recognize
antigens: antibodies (also called immunoglobulins; Ig), T-cell receptors and the major
histocompatibility complex (MHC, also called human leukocyte antigen; HLA) proteins

10
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[4]. Of these, antibodies are able to bind the broadest range of antigens, with proteins
as well as lipids, polysaccharides and small chemicals as possible targets, and have the
highest potential binding strength. Antibody classes are split into five isotypes based
on the structure of their HC constant domains: IgA, IgD, IgE, 1gG and IgM. Of these,
IgA can be further divided into subclasses IgA1 and IgA2, while IgG similarly consists of
subclasses 1 to 4. 1gG is the most abundant isotype in human blood, and is the focus of
antibody research in this thesis. IgG antibodies are produced as a symmetric molecule
of four peptide chains which are linked by disulphide bonds: two identical heavy chains
(HC) and two identical light chains (LC) (Figure 1). Other isotypes generally follow a
similar architecture, although modification and/or multimerization occur for certain
isotypes. Each LC consists of one variable domain and one constant domain, which can
be either of the kappa or lambda type. An HC also contains one variable domain, but
three or four constant domains, depending on the isotype. The LC together with the
variable domain and first (counting from the N terminus) constant domain of the HC
form the ‘Fragment, antigen binding’ (Fab), while the further constant domains of the
two HCs form the ‘Fragment, crystallizable’ (Fc) [11]. Both Fabs are linked to the Fc at
the hinge region, which is also the site where the two HCs are covalently linked through
disulphide bonds. The specificity of an antibody is determined by the composition of
the variable domains, particularly by the complementarity determining regions (CDRs)
within. These CDRs contain the amino acids that come into contact with the antigen, the
part of the antigen which interact with the antibody is called epitope.

—— Antigen-
binding site

— Fab region

Light chain
(LC)

Hinge region

Heavy chain
(HC) o EE — Fc region

Cy

(o8}

C=constant, V=variable

Figure 1. Overview of the major structural components of antibodies, represented by IgG, which
is the most abundant isotype in human blood. Created with BioRender.com
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The production of antibodies is performed by plasma B cells, whose progenitors originate
from stem cells in the bone marrow. When these cells differentiate into pre-B cells, their
specificity is determined for the first time. In stem cells, the germline DNA sequence from
which the variable domains of antibodies will later be made contain many V, D and J
genes, but pre-B cells randomly select one of each in a process called V(D)J recombination
[12]. This process occurs separately for the HC and the LC, and may be repeated if an
unproductive rearrangement has been made. The HC locus contains about 45 functional
V genes, 23 D genes and 6 J genes, giving rise to a large number of unique combinations
and large diversity between HCs. The LC locus does not have D genes, but contains 35 V
genes and 5 J genes for kappa LC, or 30 V genes and 4 J genes voor lambda LC, multiplying
the number of unique HC-LC pairings even further [4]. Another large contributing factor
to diversity among antibodies is the addition or deletion of nucleotides at the junctions
between V, D and J genes (or between V and J for the LC) during the recombination
process, leading to billions of possible clones. When these steps have occurred, the cell has
become an immature B cell, with a unique specificity which it expresses as a membrane-
bound immunoglobulin molecule, the B-cell receptor. These cells then leave the bone
marrow to mature in peripheral lymphoid tissue, such as lymph nodes and the spleen.

Most naive B cells are follicular B cells, which travel though the blood stream from one
lymphoid organ to another until it encounters an antigen. When a B cell recognizes an
antigen with its B-cell receptor, other receptors on the B cell can provide extra stimulation
(Figure 2A). This can be facilitated for instance by complement receptor 2 binding to
deposited C3 fragments on the antigen, or by Toll-like receptors binding their targets of
bacterial or viral origin [13]. Activation of these receptors functions like an additional
verification that an antibody response against this particular antigen is indeed desirable.
In some cases, especially with non-protein antigens which are multivalent, B cells can
activate and proliferate without the help of other cells [14]. However, responses to most
proteins require the stimulation of helper T cells. A protein antigen bound by the B-cell
receptor is internalized, processed by the internal machinery and then presented in
the form of peptide fragments in the MHC class Il molecules on the cell membrane
[15]. An activated helper T cell recognizes specific peptides embedded in MHC class |l
and provides a stimulating signal to the B cell via membrane proteins such as CD40 (on
the B cell) and CD40 ligand (on the T cell), as well as cytokines produced by the helper
T cell [16]. Development of an antibody response therefore requires not only a B cell

recognizing the antigen, but often also a specific T cell.

Activated B cells migrate into the lymphoid follicles of lymphoid organs to form a germinal
center, where they rapidly proliferate. Under stimulation from specialized follicular T

12
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helper cells and follicular dendritic cells, B cells undergo the so-called germinal center
reaction, including affinity maturation and isotype switching. Isotype switching consists
of a DNA recombination event where the B cell switches to produce another constant
domain for the HC [17]. Affinity maturation is caused by somatic hypermutation, a
process where variable domain-encoding DNA in proliferating B cells is subject to an
exceptionally high rate of mutation [18]. When this process leads to a higher affinity B-cell
receptor, this clone has favorable competition for antigen capture and T cell stimulation,
and therefore a higher chance of survival and further proliferation. After undergoing the
germinal center reaction, B cells differentiate into either long-lived plasma cells, which
produce antibody while residing in the bone marrow, or into circulating memory cells
[19]. B cells can also be stimulated extrafollicularly, where limited isotype switching

occurs and short-lived plasma cells are generated.

The antibodies produced by B cells after a germinal center reaction have high avidity
for their antigen and are generally of an isotype other than IgM. For their role in
immune defense, antibodies rely on several effector functions (Figure 2B), which
may be altered by structural modification of the antibody [20]. Firstly, binding to a
microbial antigen may allow neutralization of this microbe by blocking critical surface
components or neutralization of toxins [21]. Secondly, the Fc domain of antibodies is
the ligand for Fc receptors on various immune cells. Antibodies have varying avidities
for the different types of Fc receptor depending on isotype and subclass [22]. Through
Fc receptors, antibodies may allow phagocytosis by phagocytes, or antibody-dependent
cellular cytotoxicity by natural killer cells, granulocytes or macrophages. Lastly,
clustered Fc domains of most IgG subclasses and IgM also form a ligand for C1q after
a conformational change upon antigen binding [23]. Activation of the complement
system may result in direct lysis of the targeted microbe, opsonization with deposited
complement fragments and stimulation of inflammation. These effector functions
benefit greatly from enhanced avidity by binding antigens with multiple Fab arms.
Furthermore, interactions between the Fc regions of antibodies allow clustering upon
antigen binding, thereby further increasing total avidity for the antigen and for several
receptors and Clqg [24]. Antibodies of the most common isotype in blood, IgG, can
remain in the circulation for a long time, with a half-life up to 3 weeks for most IgG
subclasses. To accomplish this, 1gG binds to the neonatal Fc receptor, which rescues
IgG from degradation in lysosomes and recycles it to the cell surface. The combination
of these effector functions, the broad range of possible targets and the capacity for
high avidity and specificity make antibodies a potent part of the immune system, and a
highly-explored option for therapeutics, of which already over 100 have been approved.

13



Chapter 1

A Antigen recognition induces
expression of effector molecules by

B-cell proliferation
Affinity maturation

Differentiation to resting memory
cells and antibody-secreting

T cell, which activates the B cell Isotype switching plasma cells
IL-4
& IL-6
e IL-214
P Memory B cell

el

. CD40LCDA40

& F- ",
]
| CD4 | —>
e I
% R o

ll__.d' =
'\‘I Plasma cell

TCR MHC Il ™ " [ I
— - |

Helper T cell B cell o o | 3 I "{,
1g..

Antibody effector functions 1

[ ! [

= n T e Wi
= L_‘s_-q{'w

g~ h

Pt
Neutralization of Opsonization and Antibody-dependent Complement
microbes and toxins phagocytosis cellular cytotoxicity activation

Figure 2. B cell development and antibody effector functions. (A) In addition to recognizing
their antigen, B cells must receive stimulatory signals, often from helper T cells, in order to be
activated. They can then enter a germinal center, in which they mature their specificity and switch
antibody production to a new isotype. These B cells can differentiate into long-lived memory
cells, or antibody-producing plasma cells. (B) Antibodies have various effector functions, each
with varying effectiveness per antibody isotype. Created with BioRender.com

Tolerance, autoimmunity and autoantibodies

As the immune system is capable of mounting a strong and aggressive response to a
wide range of antigens, it is of great importance that all molecules produced by the
organism itself are tolerated. In the case of both B cells and T cells, antigen receptors
with a large repertoire of specificities are generated through random events like
recombination and mutation. Sometimes, these antigen receptors may turn out to
recognize a self-antigen, causing a risk of attacking the body’s own tissues. Therefore,
when a naive lymphocyte in its generative lymphoid organ recognizes a self-antigen, it
either undergoes apoptosis, edits its receptor to no longer recognize the self-antigen (in
the case of B cells), or develops into a regulatory cells (in the case of some T cells) [25].
As opposed to this central tolerance mechanism for naive lymphocytes during their
maturation, peripheral tolerance can be formed in mature lymphocytes. When mature
lymphocytes recognize their antigen in the absence of stimulating or inflammatory

signals, they die by apoptosis or enter a state of anergy, where they are no longer
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responsive to their antigen [26]. Additionally, peripheral tolerance is maintained by

regulatory T cells, which suppress lymphocytes specific to self-antigens.

Under certain conditions, a break in the tolerance towards self-antigens may occur and
the immune system may react against autologous antigens. The recognition of self-
antigens by the immune system is called autoimmunity, and when this has pathogenic
effects and causes symptoms, it is termed autoimmune disease. Autoimmune diseases
can be either systemic or local depending on the distribution of the self-antigen, and
are often chronic due to the continued availability of antigen and the amplification
mechanisms in the activated immune system. While the exact cause of autoimmune
diseases is often difficult to pinpoint, they are generally ascribed to certain genetic risk
factors, environmental factors and triggers of immunity, such as infections or tissue
injury [27, 28]. Inadequate disposal of waste and cellular debris can cause exposure to
DNA, histones and other intracellular antigens which are spilled from these cells. These
self-antigens may provide a target for autoreactive lymphocytes which would not be

available under physiologic conditions.

In this thesis, the most prominent aspect of autoimmunity is the occurrence of
antibodies against autologous proteins, so-called autoantibodies. These autoantibodies
result from B cells which have escaped the regulatory pathways of the immune system
that control self-antigen recognition. This may be because central tolerance failed to
eliminate an autoreactive naive B cell, or because a B cell originally recognizing a (slightly)
different antigen matured and developed cross-reactivity to a self-antigen. One type of
autoantibody, which is discussed in several chapters of this thesis, recognizes C1g. Anti-
Clq autoantibodies occur in a few percent of the general population, meaning that a
breach in the tolerance to this self-antigen is relatively common. However, anti-C1q is also
strongly associated with the occurrence and severity of kidney injury (lupus nephritis) in
patients with systemic lupus erythematosus [29]. One reason that anti-C1q autoantibodies
are relatively common may be that they specifically recognize solid-phase Clq (Figure 3).
When Clq binds one of its ligands, like a cluster of IgG Fc domains, it docks on to this
ligand with its six globular heads. In this process, a conformational change occurs in the
C1qg molecule, Clq in this state is called solid-phase C1q [30]. The conformational change
makes the epitope of anti-C1q autoantibodies available [31]. Due to this property, Clq
and its autoantibody do not interact in the solution, but only where ligands of C1q are
present. For this reason, it is possible for individuals to have anti-C1q autoantibodies and

Clq abundantly present in the blood, while remaining healthy.
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B
Fluid-phase C1q Solid-phase C1q

Figure 3. C1q can exist in multiple conformational states, which determines whether anti-Clq
autoantibodies will bind. (A) When Clq is in solution, not bound to any ligand, the epitope of
anti-C1q autoantibodies is not available. (B) Upon binding to a ligand such as a hexameric cluster
of IgG antibodies, C1q changes conformation. The epitope for anti-C1q autoantibodies now
becomes available and the autoantibodies bind to this ‘solid-phase’ C1q.

Scope of this thesis

This thesis investigates multiple facets of the complement system, specifically the
classical pathway initiator C1q, and autoantibodies to complement proteins in various
diseases. Chapter 2 reviews the different roles complement activation and regulation
can play in the rheumatic diseases systemic lupus erythematosus, rheumatoid arthritis
and anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis. Previous
research has identified Clq as a possible biomarker for active lung infection by
tuberculosis bacteria, chapter 3 confirms and builds on this. This work investigates the
value of Clq as a diagnostic tool for active tuberculosis infection and specifically uveitis

complications.

In chapter 4, we continue to examine Clq, but also alternative complement pathway
regulator Factor H and autoantibodies against these complement proteins. The setting
of this chapter is pregnancy, and the common pregnancy complication preeclampsia.
Anti-Clq autoantibodies are also the subject of chapter 5, where we find that the
presence of these autoantibodies is not fit as a biomarker for involvement of the lung
in systemic sclerosis. Subsequently, chapter 6 reports on the isolation of human anti-
Clq autoantibodies and their characterization on a monoclonal level, which may help
to better understand their involvement in disease. Finally, chapter 7 summarizes and
discusses the results and impact of the research presented in this thesis, and relates it
to the available literature.
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Chapter 2

Abstract

Complement is a key component of the innate immune defense and in addition forms a
bridge to the adaptive immune responses. As such complement is of vital importance for
efficient protection against infections. However, the activity of the complement system
can also aberrantly be directed against the tissues of the body itself and contribute
to organ damage in a variety of diseases. In several rheumatic diseases complement
activation is suggested to play a pronounced role. This review will highlight the role
of both complement activation and complement regulation in rheumatic disease. A
contribution of complement to the disease process is often suggested based on the
presence of complement activation fragments in the target tissues or the presence of
complement activation fragments in the circulation. The role that complement plays
in different rheumatic diseases is often unknown but is thought to contribute to tissue
damage as a consequence of autoantibody mediated immune complex formation
and deposition. In addition reduced complement inhibition mediated by endogenous
complement regulators can also enhance complement activity and tissue damage. In
observational studies, it is difficult to distinguish whether complement activation is a
result of enhanced activation or decreased regulation. Until recently, strong conclusions
on the relative importance of complement activation to the pathology were largely
restricted to animal experiments. Usage of complement targeting therapeutics in
humans will hopefully give us the opportunity to study the actual contribution of
complement activation towards disease progression and tissue damage in rheumatic
disease into more detail.
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Complement activation and regulation

The complement system is one of the oldest parts of the innate immune system and
is involved in numerous processes like elimination of microbes, clearance of immune
complexes, tissue regeneration and angiogenesis [1]. Unfortunately, while complement is
very efficient in protecting against infections, it is also activated against one’s own tissue
in several autoimmune and rheumatic diseases. Three pathways lead to activation of
the complement cascade; the classical pathway, lectin pathway and alternative pathway
(Figure 1). All three activation pathways eventually lead to the cleavage of C3 and
deposition of C3b, followed by the terminal pathway that results in the formation of the
membrane-attack complex (MAC) and the release of anaphylatoxins C3a and C5a.

The classical pathway (CP) of complement activation is initiated when the recognition
molecule C1q binds to its ligands such as surface-bound IgM, multimers of IgG, C-reactive
protein (CRP), DNA or dead cells [2]. Following the binding of Clq to its targets, the C1
associated enzymes Clr and Cls become active enabling them to initiate complement
activity by cleaving C4 and C2, resulting in the formation of the CP C3-convertase C4b2a [3].

Classical pathway Lectin pathway

C1q & C1r/Cls MBL & MASPs C1-INH

Alternative pathway

MAp19
MAp44
7’
1
1
48P C3a i Gkt
Factor | L= \ Factor H

s FHL-1

CR1 (CD35)
DAF (CD55)

MCP (CD46)
DAF (CD55)

Carboxy-
peptidases

C4b2aC3b C3bBbC3b

al
|

ESE CD59

Vitronectin
Clusterin

C5b-9
Terminal pathway

Figure 1. An overview of the complement system, indicating the interactions of activating (black
boxes and lines) and regulating (red boxes and lines) complement components.
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The lectin pathway (LP) of complement activation is initiated in a similar manner, but by
other pattern-recognition receptors (PPRs), like mannose-binding lectin (MBL), ficolins
(lectins containing a fibrinogen-like and a collagen-like domain) or collectins (collagenous
C-type lectins) [4]. After ligand binding, these recognition molecules activate the LP
via the MBL-associated serine proteases (MASPs), which can either activate C4 and C2,
leading to the formation of the LP and CP C3-convertase (C4b2a), or directly cleave and
activate C3 [5].

The alternative pathway (AP) of complement has a different mechanism of activation.
The AP is continuously activated in a spontaneous manner when a small part of the
C3 molecules becomes hydrolyzed forming C3(H,0). C3(H,0) is bound by factor B and
becomes a target for factor D mediated cleavage of factor B. Subsequently, the complex
can cleave additional C3 molecules into C3a and C3b. The formed C3b molecules also
bind factor B. The subsequent cleavage of bound factor B by factor D forms the AP
C3-convertase C3bBb. This process is constantly counteracted on cell surfaces by the
endogenous complement inhibitor factor H, which binds polyanionic residues like sialic
acid groups and glycosaminoglycans present for instance on human cells. Pathogens often
contain fewer of these polyanions, leading to less factor H binding and more complement
activation [6]. As such, factor H can be considered the recognition molecule of the AP. The
AP is also considered an amplification pathway, as it can be initiated by C3b formed by any
of the three pathways [7].

Following the formation of the C3 convertases, the remainder of the complement
activation cascade, the terminal pathway, is similar. The C3-convertases form C5-
convertases that can cleave C5 into C5b and the potent anaphylatoxin C5a. C5b will,
together with C6, C7, C8 and multiple molecules of C9, form the membrane attack
complex (MAC) which can cause cell lysis [8]. Most of the circulating complement
proteins are produced by hepatocytes, but expression of complement proteins is
also recorded for other cell types including leukocytes [9]. Production of several key
complement proteins is largely restricted to specialized cell types, for example, factor D
is mainly produced by adipocytes and C1q is produced by cells of the monocytic lineage
such as macrophages, dendritic cells and mast cells [10-13].
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Table 1. An overview of complement regulators, their specific function and references about their
role in rheumatic diseases that were consulted in this review.

Name Full name Function References in this
review
C1-INH C1 esterase Inactivates serine proteases Cl1r, C1s and SLE: [110]
inhibitor MASPs RA: [70]
MAp19 MBL Associated Competes with MASPs for MBL binding SLE: [95]
protein of 19kDa
MAp44 MBL Associated Inhibits C4 deposition by binding lectin RA: [72]
protein of 44kDa pathway initiators SLE: [95]
CABP C4b-Binding Inhibits functions of C4, accelerates decay of RA: [66, 71]
Protein C3 convertases SLE: [28]
Factor H Binds self surfaces, cofactor for factor |, RA: [55-60]
accelerates decay of convertases SLE: [28, 59, 118,
120, 126]
AAV: [137-140]
Factor | Inactivates C4b and C3b by cleavage, but only SLE: [117]
after cofactor binding
FHL-1 Factor H-like Cofactor for factor I, accelerates decay of RA: [55, 56]
protein 1 convertases
FHR-1 Factor H-related Binds self surfaces, inhibits C5 activation and SLE: [119]
protein 1 MAC formation
CR1 (CD35) Complement Cofactor for factor | among other functions SLE: [111, 112]
Receptor 1 (membrane-bound)
MCP (CD46) Membrane Cofactor for factor | (membrane-bound) SLE: [115, 116]
Cofactor Protein
DAF (CD55) Decay Accelerates decay of convertases (membrane- RA: [74-76, 91]
Accelerating bound) SLE: [113, 114]
Factor
CD59 Binds C8 and C9, inhibits MAC formation SLE: [113, 114]
(membrane-bound)
Vitronectin Binds C5b-9, prevents MAC formation SLE: [80]
Clusterin Binds C7, C8, C9, prevents MAC formation SLE: [80]
Carboxypeptidases Cleaves C3a and C5a to des-arginated forms RA: [73]
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This potentially aggressive and self-amplifying cascade of inflammatory and cytotoxic
mediators needs to be tightly regulated to ensure that complement activation is limited
in time and location [14]. Excessive and unrestricted complement activation would lead
to organ damage and enhanced risk for infections due to the complete consumption
of complement. The complement system is therefore regulated by membrane-bound
as well as soluble factors (Table 1). There are four general functions of complement
inhibitors: some inhibitors bind complement proteins and prevent their incorporation
into complement complexes, others bind and terminally inactivate enzymes, other
inhibitors serve as a co-factor for enzymatic degradation of complement proteins and

other complement inhibitors enhance the decay of C3-convertases [15].

Cl-inhibitor (C1-INH) inhibits the classical and lectin pathway by binding and inactivating
C1s, Clr and MASPs, whereas MAp19 and MAp44 inhibit the lectin pathway specifically
[16, 17]. C4b-Binding Protein (C4BP) inhibits the activity of C4 and accelerates the
decay of the C3 convertases of all three pathways [18]. Decay of C3 convertases is also
stimulated by factor H, which in addition serves as a cofactor for factor | mediated
degradation of C3b [6]. Factor | inactivates C4b and C3b by cleaving them, but only when
they are first bound by a cofactor of factor I, such as factor H, factor H like protein 1
(FHL-1), C4BP, MCP (CD46) and complement receptor 1 (CD35). In the terminal pathway,
clusterin and vitronectin bind the proteins that form the C5b-9 complex and prevent
its completion or insertion into the membrane. A similar function is attributed to CD59
expressed on the cell surface, which binds C8 and C9 to hinder the assembly of the
MAC. Another membrane-bound complement regulating protein, decay-accelerating
factor (DAF; CD55), increases the degradation of convertases on the cell membrane.
Lastly, carboxypeptidase-N converts the potent anaphylatoxins C3a and C5a into their

less active, des-arginated forms.

Complement regulation also plays a role in the process of cell death by apoptosis,
a massively occurring physiological process required for tissue homeostasis. The
clearance of apoptotic cells is a highly efficient process and is suggested to result in an
anti-inflammatory or tolerizing effect. However, in many clinical conditions, including
rheumatic diseases, the process of clearing dying and dead cells is overwhelmed by
either too much cell death or too little clearance. Complement plays an important role
in the recognition and efficient phagocytosis of apoptotic and necrotic cells [19]. A
complement system malfunctioning as a consequence of genetic, acquired or therapy-
induced deficiencies can thus impact the clearance efficiency and cause accumulation
of autoantigens, which are released from uncleared dead or dying cells. Several
complement proteins have the capacity to bind to dead cells, prominently C1q, but also
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MBL, ficolins, collectins, and properdin [20-25]. These complement proteins bind a wide
variety of exposed ligands on dead cells [26]. Interestingly, some cells downregulate the
expression of membrane bound complement inhibitors, CD46, CD55 and CD59 during
apoptosis, potentially leaving the cells vulnerable for complement attack [27]. However,
while cells decrease the expression of membrane bound complement inhibitors, they
gain the capacity to bind the fluid phase complement inhibitors factor H and C4BP [28].
A wide set of ligands can mediate such binding, but factor H and C4BP can also directly
bind to exposed DNA [29].

Complement in rheumatic disease

The complement system is an important factor in host defense, but defects leading to
uncontrolled complement activation can cause a variety of clinical conditions. Here,
we focus on three major rheumatic diseases in which complement plays an important
role and for which complement inhibitory therapy was recently initiated in therapeutic
trials: rheumatoid arthritis, systemic lupus erythematosus (SLE) and ANCA-associated
vasculitis (AAV). We describe the current knowledge on the influence of complement
activation and regulation within these diseases, both endogenous and therapy-induced.

Rheumatoid arthritis & complement

Rheumatoid arthritis (RA) is a chronic inflammatory disease, which affects up to 1%
of the population [30, 31]. The main symptoms are located primarily in the small
peripheral joints, where chronic inflammation causes damage to cartilage and bone
through mechanisms involving both the innate and adaptive parts of the immune
system. The lining of the joint, the synovium, is infiltrated by both T and B lymphocytes,
as well as macrophages [32, 33]. Later in disease progression, the cartilage and bone
in the joint are invaded from the synovium during the formation of a ‘pannus’, causing
damage through resorption and breakdown of bone by osteoclasts [34]. The release of
proteolytic enzymes like cathepsins and metalloproteinases also lead to the breakdown
of matrix proteins in cartilage and bone [35].

Apart from this cellular immune involvement, humoral immunity also plays a major
role in RA. Autoantibodies are estimated to be present in 50% to 80% of RA patients
[36]. Prominent among these autoantibodies are rheumatoid factor, anti-collagen type
Il antibodies and antibodies against post-translationally modified proteins, such as anti-
citrullinated protein antibodies (ACPA) and anti-carbamylated protein (anti-CarP) [37-
40]. The autoantibodies present in RA patients often target antigens in cartilage and the
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synovium, contributing to the formation of immune complexes. Crucially, these immune
complexes can activate complement, which gives rise to chronic destruction of the joint,
via the initiation of innate as well as adaptive immune responses. Indeed, it was shown
that ACPA can activate complement via both the CP and AP [41].

A possible role for complement in RA was initially concluded from studies that found
activated or cleaved complement components in the synovial fluid [42-47]. Later,
signs of complement activation, such as C1g-C4 complexes, were also identified in the
circulation of RA patients [48]. The activating role of complement in RA is illustrated in
collagen induced arthritis (CIA) models, where mice with a compromised complement
system are less affected by the disease [49-51]. Currently, it is still not completely known

which ligands are triggering this complement activation.

Several animal models for arthritis are regularly used to study pathogenic mechanisms.
Several studies in animal models of arthritis, such as the collagen antibody-induced
arthritis (CAIA) model, revealed that exclusively the alternative pathway is essential
for disease development [52-54]. Although the classical pathway does contribute to
disease, it was not essential in these models. The large role of the alternative pathway
in RA makes research into its regulators very interesting. Factor H and its variant, factor
H-like protein 1 (FHL-1), may have a protective role against complement damage in the
synovium [55]. Both proteins are expressed by synovial fibroblasts from RA patients and
their production was increased after stimulation with either IFN-y or dexamethasone
[56]. Intervention with recombinant complement receptor 2 linked factor H (CR2-FH)
in a CAIA model showed decreased disease activity and C3 deposition in the synovium
[57]. Another study in the same model showed that complement activation was
increased when the tissue binding domain of factor H was blocked, providing more
evidence that factor H plays a vital role against arthritis in this mouse model [58].
Additionally, autoantibodies against factor H were found with higher frequency in RA
patients compared to healthy controls [59]. Single nucleotide polymorphisms (SNPs) of
factor H known for their association to macular degeneration, were however not found

to correlate with development of RA [60].

RA joints may contain apoptotic and necrotic cells due to prior damage, which can trigger
complement activation [20]. Furthermore, complement can be activated by proteins
originating from the extracellular matrix (ECM) of damaged cartilage in the joint, like
osteoadherin, fibromodulin, aggrecan and cartilage oligomeric matrix protein (COMP)
[61-64]. For example, levels of COMP-C3b complexes were found to be elevated in RA
patients compared to healthy controls [65]. Several ECM proteins also bind C4BP and
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specific ECM proteins with inhibitory properties, such as decorin, have been described
aswell [61, 66, 67]. Due to complement activation on proteins from the ECM, RA patients
often have increased concentrations of complement activation fragments and show signs
of higher C4 and C3 consumption in the synovium. Complement activation by immune
complexes and other protein triggers is thought to be a mediator of inflammation,
attracting effector cells mainly through the anaphylatoxin C5a, again stimulating the
inflammatory state in the joint [68]. Another consequence of complement activation
in the joint is the direct stimulation of collagenase production in synovial fibroblasts by
sublytic levels of the membrane attack complex [69].

Multiple complement proteins, such as Cl1g and C1-INH, are also synthesized locally
in the synovium next to their systemic production, suggesting a local role [70]. Other
fluid phase regulators were also investigated: In a CIA model, mice that were given
human C4BP showed later disease onset. When C4BP was given only after onset,
mice showed reduced disease severity [71]. The lectin pathway regulator MAp44
also plays a role in limiting complement activation in a CAIA model in mice [72]. In
this study, adenovirus programmed to express human MAp44 was injected into mice,
which resulted in a significant reduction of the disease activity score. Deficiency of
another fluid phase regulator, carboxypeptidase B, was found to aggravate arthritis
in a mouse model [73]. Moreover, an allele encoding a carboxypeptidase B variant
with longer half-life was linked to a decreased risk of developing severe disease in
RA patients [73].

The membrane bound complement regulator CD55, also known as decay-accelerating
factor (DAF), is an important factor that protects cells from complement attack by
dissociating C3 and C5 convertases. Expression of CD55 on fibroblast-like synoviocytes
is actually found to be high compared to leukocytes and endothelial cells [74]. Next
to a role in complement, CD55 can also act as a ligand for CD97. CD97 is expressed
on a variety of cells including infiltrating macrophages and T cells, and may thereby
contribute to continued inflammation in the joint via other mechanisms as well [75, 76].
These results indicate that CD55 both regulates complement activation in the joint and
contributes to immune cell infiltration and inflammation.

Since the animal models suggest a crucial role of complement in the disease process
of RA, intervention studies with complement inhibitors have also been performed in
RA. Surprisingly, despite the observed complement activation in human joints and the
compelling evidence in mice, there was no benefit in RA of blocking the C5a — C5a

receptor interaction [77]. Studies using eculizumab to block cleavage of C5 were not
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sufficiently beneficial for further trials either. Consequently, there is no obvious major
role for complement therapeutics reported so far in RA, highlighting the disparity

between animal models and patients.

Systemic lupus erythematosus & complement

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease that
affects between 0.01% and 0.1% of the population. SLE mainly affects women around
the child bearing age. SLE is a systemic disease where many organs are affected, either
simultaneously or consecutively. Organs affected in this disease include, but are not
limited to, the skin, joints, kidney and brain. Especially the involvement of the kidney,
called lupus nephritis, is a major contributor to morbidity. The recent focus on brain
involvement in lupus also increased the awareness of neuropsychiatric complications
[78]. SLE is characterized by the generation of a large variety of autoantibodies (reviewed
in [79]). The hallmark autoantibodies in SLE are generated against moieties that are
normally not exposed outside the cell, such as double stranded DNA and nuclear proteins.
The autoantibodies characteristic of SLE form immune complexes with these nuclear
components when they are released from dead cells. Most symptoms of SLE are thought
to result from immune complexes formed by these autoantibodies, which deposit in
tissue and subsequently cause an inflammatory response by binding complement and
Fc receptors. Circulating immune complexes activate complement too, although clusterin
and vitronectin were found to offer some protection by their presence on circulating
immune complexes containing precursors to MAC [80]. First evidence of complement
involvement in SLE came from findings of complement deposition in affected organs,
followed later by observations of decreased levels of complement factors and increased

levels of complement activation fragments were found [81-83].

The role of complement in SLE is two-fold. On the one hand, complement activation is
important for inflammation and tissue damage in most patients. On the other hand, rare
genetic deficiencies of several complement components predispose for development of
SLE [84]. Deficiencies in the classical pathway give a high risk of developing SLE, with
deficiency of C1q causing the highest risk [85]. Several of such Clq deficient patients
have been described [86-88]. Noticeably, there is a wide heterogeneity in the clinical
presentation and severity of disease in these patients [89, 90]. Especially in Clq
deficient SLE patients, a high proportion of patients experience neurological problems,
which may be related to a role for C1q in shaping or maintaining nerve interactions [86,
91]. Why Clq deficient patients have such a high risk of developing SLE is currently not
certain. Several mechanisms have been suggested, including the reduced clearance of
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apoptotic cells and the reduced suppression of T cell activity [92, 93]. While apoptotic
cells are generally not detected in vivo because of their efficient clearance, they were
detected in C1q deficient patients, suggesting slower clearance. C1q binds the surface
of apoptotic cells and enhances phagocytosis, as discussed in the section Complement
activation and regulation. For a strong autoantibody response, T cell activity is required.
The reported function of C1q as an inhibitor of T cells responses could fit with the notion
that in C1q deficiency T cell help is provided to autoreactive B cells [93]. However, both
proposed mechanisms may be insufficient to fully explain the risk to develop SLE and
other mechanisms may contribute as well.

The lectin pathway has also been studied in detail in SLE, revealing that the levels
of several lectin pathway proteins correlate with the (decreased) levels of C3, which
suggests consumption because of activation [94, 95]. Meta-analyses on mutations
associated with MBL deficiency indicated an modestly increased risk for SLE in MBL
deficient individuals [96, 97]. Furthermore, animal models of SLE suggest activation of
the lectin pathway during the course of disease [98]. The serum levels of lectin pathway
inhibitors Map44 was reported to be slightly higher and MAp19 to be slightly lower in
SLE as compared to healthy controls [95].

Autoantibodies have been described for nearly all complement proteins [99]. In the
context of SLE, especially anti-C1q, anti-MBL and anti-ficolin-3 are important [100-102].
Autoantibodies against C1q are associated with lupus nephritis in SLE patients, although
anti-Clqg antibodies are also present in a small part of the healthy population without
signs of renal problems [103, 104]. Mouse studies have shown that the contribution
of anti-C1lq autoantibodies to lupus nephritis is dependent on the prior presence of
Clq binding immune complexes in the glomeruli [105, 106]. For anti-ficolin antibodies
an association with lupus nephritis was also reported, while for the anti-MBL such
association was not observed [101, 102]. The functional consequences of anti-MBL
autoantibodies to the pathogenesis is currently unclear [101, 107-109]. Antibodies
against soluble regulators were also found. For example, anti-C1-INH autoantibodies
were found to be increased in SLE patients and were associated with high disease
activity scores [110]. Factor H antibodies were also found in SLE patients, but not at a
significantly higher rate than in healthy controls [59].

Animportant player in the clearance of immune complexes, complement receptor 1 (CR1), is
found on several types of myeloid cells, including monocytes, dendritic cells and erythrocytes.
CR1 binds targets opsonized by C4b and C3b, and is involved in the transport and uptake of
immune complexes. Erythrocytes of SLE patients were found to have decreased levels of
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CR1, while stimulation of erythropoiesis in lupus patients with anemia resulted in improved
CR1function [111, 112]. As aresult of reduced CR1, these patients cannot clear new immune
complexes as effectively and their erythrocytes are more vulnerable to complement attack,
because they have lower complement inhibitory activity of CR1. This may result in a vicious
circle that conserves a disease state that is hard to treat.

Membrane-bound complement regulatory proteins are important to protect cells from
complement activation. Decreased levels of CD55 and CD59 were found on lymphocytes
in SLE patients, which may contribute to lymphopenia in these individuals [113, 114].
In serum of patients with active SLE, increased levels of soluble CD46 were found,
compared to healthy controls or patients with other autoimmune diseases [115]. The
higher levels soluble CD46 may be explained by increased CD46 shedding by T helper
1 cells, which is related to hyperactivity and defective contraction in these cells [116].

Soluble regulators are naturally of great importance as well, and their disruption may
cause serious complement damage. Factor | levels in SLE patients were found to be
negatively correlated with disease activity score [117]. Some SLE patients with lupus
nephritis were described to have dysfunctional factor H. Purified factor H from 3 out
of 4 patients induced less phagocytosis of late apoptotic cells and protection against
lysis of erythrocytes was decreased in 2 of the patients [118]. Factor H, as well as C4BP,
is also important in the protection of apoptotic cells against uncontrolled complement
activation and lysis [28]. A large case-control study on factor H and factor H-related
genes concluded that a CFHR3-1 deletion was associated with SLE and might contribute
to development of the disease [119]. The impact of factor H is underlined in an animal
study, where factor H deficient MRL-Ipr mice showed accelerated development of lupus
nephritis compared to factor H sufficient mice [120].

Inview of the broad involvement of complement in SLE, it seems evident that therapeutic
targeting of complement in SLE patients could be beneficial. However, complement
targeted therapy has so far only been used sporadically in SLE. Genetic deficiencies
of classical pathway components were successfully overcome by repeated plasma
infusions, which resulted in disappearance of SLE symptoms for weeks after infusion [88,
121]. Transplantation of hematopoietic stem cells has also been tested in C1q deficient
individuals; clinical results were good for two patients, while a third did not survive
[87, 122]. Eculizumab has been used in a few patients where excessive complement
activation contributes to disease, with good results [123, 124]. Another recent study
investigated the treatment of SLE by mesenchymal stem cell (MSC) transplantation,
obtaining either a major or partial clinical response in the majority of patients [125].
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This clinical effect of MSC transplantation was reportedly due to increased factor H
production [126]. However, more studies will be needed before complement-targeting
therapy could be applied on a large scale in SLE patients.

ANCA-associated vasculitis & complement

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a disease
that covers multiple clinical conditions including granulomatosis with polyangiitis (GPA),
eosinophilic GPA and microscopic polyangiitis. These diseases have in common that the
vast majority of patients (90%) are positive for ANCA [127]. Two different neutrophil
proteins are recognized as targets for ANCA: proteinase 3 (PR3) and myeloperoxidase
(MPO) [128, 129]. In a resting state, these targets are only found intracellularly, but
priming through complement activation fragment or cytokine-mediated stimulation
causes the ANCA antigens to also be expressed on the cell surface. The exposed ANCA
antigens can now be recognized by the antibodies. Neutrophils are activated by ANCA
binding, resultingin degranulation and migration into the wall of the blood vessel, thereby
contributing to vasculitis [130]. The full pathogenesis of AAV has recently been reviewed
[131]. Renal involvement in AAV is characterized by pauci-immune glomerulonephritis
[132]. The histological lesions in the kidney are characterized by crescents and fibrinoid
necrosis in the absence of a pronounced presence of immune complexes or complement
[127]. Because of this near absence of complement activation staining in the kidney and
the absence of hypocomplementemia, no role for complement was anticipated at first.
This view changed when a role for complement in AAV was shown in mouse models:
the development of ANCA-induced glomerulonephritis was shown to be dependent on
alternative pathway activation and C5a signaling [133].

Next to the neutrophil activation by C5a, complement also plays an amplifying role
after the initial neutrophil activation. Binding of ANCA to its antigen on the neutrophil
can give rise to a range of actions, such as degranulation, neutrophil extracellular trap
(NET) formation and respiratory bursts. Neutrophil activation can also cause novel
complement activation. One study found that complement in human serum is activated
upon addition of supernatant from ANCA-stimulated neutrophils, but not by supernatant
of unstimulated neutrophils, measured at the level of C5a [134]. Consequently, there is
a local increase in leukocyte infiltration, neutrophil activation and tissue damage, again
continuing the inflammatory state [135]. The secondary complement activation seems
to be mediated through the alternative pathway. In mouse models of vasculitis induced
by MPO-ANCA, C4 deficient mice (lacking classical and lection pathway activation)
were susceptible to development of glomerulonephritis and vasculitis, while animals
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deficient for alternative pathway activation were protected from the disease [133]. How
this alternative pathway activation is triggered remains unclear, but activation of the
alternative pathway by activated platelets was recently suggested [136].

As the main regulator of the alternative pathway, factor H could be an important player in
limiting secondary complement activation. Indeed, plasmafactor H levels were significantly
lower in patients with active AAV as compared to AAV patients in remission and healthy
controls [137]. Further research from the same group showed that factor H from AAV
patients is often less active in binding and regulating C3b and in guarding self-cells against
complement damage [138]. Neutrophils activated by ANCA can release myeloperoxidase,
which in turn can bind factor H and inhibit the interaction between factor H and C3b [139].
Interestingly, normal factor H binds to neutrophils where it can inhibit ANCA-induced
activation and degranulation. In a coculture system of neutrophils and human glomerular
endothelial cells, addition of factor H increased migration of neutrophils towards the
endothelial cells and decreased activation of and damage to endothelial cells [140]. In the
same study, it was found that factor H from AAV patients was dysfunctional in the binding

to neutrophils, indicating a role for factor H in the pathogenesis of AAV.

Despite involvement of multiple complement factors in AAV, C5 remains a key player [134,
141]. Recently, blocking of the C5a receptor (C5aR) was shown to protect mice against ANCA
induced glomerulonephritis [142]. In this study, C5aR deficiency ameliorated the effect of
induced glomerulonephritis, while animals with human C5aR showed similar disease as
wildtype mice. Importantly, the human C5aR inhibitor CCX168 was used to block human
C5aR in mice, resulting in drastically less necrosis and crescents in the glomeruli and lower
neutrophil infiltration in the glomeruli [142]. Subsequently, a Phase 1 clinical trial was
started, which showed that CCX168 (now also called avacopan) was tolerated in humans
without major issues [143]. Further studies where CCX168 partially or fully replaced the
use of prednisone in AAV patients displayed effectiveness at least similar to the current
standard treatment for these patients in terms of nephritis inhibition [144]. These promising
trails could open the door to novel complement-directed therapy in the field of rheumatic

diseases where, as for AAV, initially a role for complement was not anticipated.

Discussion

The complement system is important in many physiological processes, but can also
be a mediator of disease. The involvement of complement in rheumatic diseases is
often deduced from the presence of complement deposition in affected tissue and/or

increased levels of complement activation fragments. This does not necessarily mean
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that complement plays a causal role in each of the rheumatic diseases discussed here.
Present literature is largely focused on the activating ligands and complement factors
as opposed to complement regulators. However, it is not always clear whether aberrant
complement activity is the result of excess activation or reduced regulation. Especially
in RA and SLE, a reasonable number of complement components have been related to
the disease in one way or another. Nevertheless, for many it remains unknown whether
these associations could be used as predictive biomarkers or therapeutic targets. This is
a theme that could definitely benefit from deeper investigation in the future. In AAV, the
key complement component that contributes to disease is C5, acting mainly through
C5a signaling, with a promising C5aR inhibitor currently being studied in clinical trial.
Such complement targeting therapy seems less likely for RA in the near future, since
several other treatment options are already available. The balance between activation
and regulation of complement seems particularly important in SLE, where reduced
complement activation can impede clearance of potential sources of autoantigens like
apoptotic cells, while increased activation on deposited immune complexes contributes
to tissue damage. Although a small number of SLE patients has been treated with
eculizumab with good results, a broader investigation is needed before this therapy
could be applied on a larger scale. A key contribution in complement-targeting therapy
could be made by natural complement regulators or mutant variants thereof. Another
interesting feature of future complement therapy may be locally targeted regulation
instead of systemic inhibition. This gives the advantage that the complement system is
still capable of functioning normally in nonaffected parts of the body. With the advent
of the first complement therapeutics, and the probable arrival of more in the future,
there seem to be multiple possible applications in the treatment of rheumatic diseases.
The three rheumatic diseases highlighted in this review all display clear evidence of
complement activation, also the animal models for these diseases indicate an active
role for complement in the disease process. Strikingly at this moment therapeutic
complement inhibition appears only to be effective in AAV and not in RA or SLE. Clearly
there is a need for a more thorough understanding of the contribution of complement

activation and complement regulation to the disease processes in rheumatic diseases.
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Chapter 3

Abstract

To examine the relation between serum Clq levels and blood type-1 interferon
signature (type-1 IFN signature) in active pulmonary tuberculosis (APTB) and to
determine whether combined measurement of serum Clqg and type-1 IFN signature
may add to the diagnosis of QuantiFERON (QFT)-positive patients with uveitis of
unknown cause. C1q was determined (ELISA) in serum from two distinct Indonesian
cohorts, and in total, APTB (n = 72), QFT-positive uveitis of unknown etiology (n = 58),
QFT-negative uveitis (n = 51) patients and healthy controls (HC; n = 73) were included.
The type-1 IFN signature scores were previously determined. Serum Clq was higher in
APTB than HC (p < 0.001). APTB patients with uveitis had higher serum Clq than APTB
patients without uveitis (p = 0.0207). Serum Clq correlated inversely with type-1 IFN
signature scores in APTB (p = 0.0036, r? = 0.3526), revealing that these biomarkers for
active TB disease can be mutually exclusive. Stratification of QFT-positive patients with
uveitis of unknown cause, by serum Clq and type-1 IFN signature, yielded four groups
with different likelihood of suffering from active TB uveitis. Serum Clq is elevated in
APTB, especially in those cases with uveitis. We propose that combined measurement
of blood type-1 IFN signature and serum Clq may provide added value in the diagnosis
of active TB disease. Combined measurement of type-1 IFN signature and serum Clq
in QFT-positive patients without signs of active TB disease, but suffering from uveitis of
unknown cause, may be of help to identify cases with low or high likelihood of having

active TB uveitis, which may facilitate clinical management decisions.
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Introduction

Tuberculosis (TB) isan airborne infectious disease caused by Mycobacterium tuberculosis
(Mtb) bacilli [1]. To date, TB remains a major global health threat and leading cause of
death from a single infectious agent. The World Health Organization (WHO) estimates
that a quarter of the world’s population is infected with Mtb. Most of these individuals
remain asymptomatically latently infected (LTBI), while ~ 5-10% develop clinically active
TB disease during their lifetime [2]. The WHO estimated that ~ 10 million new TB cases
emerged in 2018, with increasing TB notifications especially in India and Indonesia [2].

Although primarily a pulmonary pathogen, Mtb can disseminate from the primary
focus of infection throughout the body via blood and lymphatic system, infecting other
organs, including the eyes [3]. Ocular involvement has a prevalence between ~1.5%
and 18% in pulmonary TB patients, but may also occur without pulmonary involvement
and/or other signs of TB [4-9]. Timely diagnosis of active TB infection is crucial as it
contributes to swift treatment initiation and thereby pathogen eradication, minimizing
disease burden and curtailing Mtb transmission [2].

Sputum smear microscopy and culture-based methods are the standard diagnostic
laboratory tests for active TB, but PCR-based techniques are also used to directly identify
the pathogen [10-12]. All these tests are hampered by sensitivity and/or specificity
issues and are often time consuming. Initiation of an adaptive immune response after
Mtb exposure usually results in memory T-helper (Th)1-cell formation. These Th1 cells
become activated upon re-exposure to Mtb antigens, which is typically exploited by in
vitro interferon gamma (IFN-y) release assays (e.g. QuantiFERON-TB Gold test; QFT) or
tuberculin skin test (TST). Although these tests provide evidence of existingimmunological
memory towards Mtb, by no means do they discriminate between active TB disease
and LTBI. The diagnosis of ocular TB is especially difficult to achieve because access to
intraocular tissues is limited. Moreover, only a few Mtb bacilli may invade the intraocular
environment, where they especially infect the retinal pigment epithelium (RPE) [13-
15]. Yet, rapid initiation of anti-tuberculosis treatment (ATT) in TB-associated uveitis is
important as substantial vision loss, or even blindness, can occur if left untreated [16,
17]. Especially in high TB-endemic areas, the association between QFT positivity and
uveitis might be coincidental. Therefore, it is important to identify those QFT-positive
uveitis patients suffering from active TB disease, especially when there are no other
signs of active TB infection. Consequently, QFT-positive uveitis patients with LTBI could
be prevented from undergoing overzealous ATT treatment. Altogether, this indicates the
urgent need for biomarkers that discriminate active TB from LTBI, especially in those areas
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where TB is highly endemic.

Several reports have indicated that patients suffering from active TB disease display a
peripheral blood transcriptome that is highly enriched for type-1 IFN-stimulated genes
(ISGs) [18-21]. In line with this, we recently reported a whole blood transcriptional
signature of 10 ISGs (type-1 IFN signature) that was associated with active pulmonary TB
(APTB)inIndonesian patients. In addition, we demonstrated that this type-1 IFN signature
stratified QFT-positive patients with uveitis of undetermined cause into distinct groups.
We proposed that type-1 IFN signature-positive patients were more likely to suffer
from active TB-associated uveitis [22]. Furthermore, increased expression of mRNA for
complement component Clq has been described in peripheral blood cells from active
TB patients [23-25]. More recently, Lubbers et al. reported elevated serum Clq levels
in APTB as compared to LTBI, healthy controls, and disease controls [23]. Consequently,
serum Clqg was proposed as biomarker to detect active TB disease. However, Lubbers
et al. did not explore serum Cl1q levels in relation to TB-associated uveitis. Also, no
correlations with peripheral blood type-1 IFN signatures were determined. However,
the latter is of special interest as C1q has been shown to attenuate IFN-a production by

peripheral blood mononuclear cells [26, 27].

Therefore, in our current study, we examined the following: (1) serum Cl1q levels in two
independently collected cohorts of Indonesian patients with APTB and healthy controls,
(2) the correlation between serum Clq levels and the type-1 IFN signature score in
active TB and systemic autoimmune diseases [primary Sjogren’s syndrome (pSS),
systemic lupus erythematosus (SLE) and systemic sclerosis (SSc)], and (3) whether the
combination of serum Clq level and peripheral blood type-1 IFN signature may improve
stratification of QFT-positive patients with uveitis of unknown cause, into groups highly

likely, or less likely, to suffer from active TB-associated uveitis.

Results

Increased serum Clq levels in active pulmonary TB patients

In both independently collected Indonesian cohorts, serum Clq levels were significantly
increased in APTB patients (p < 0.001) as compared to healthy controls (Figure 1).
Furthermore, serum Clq levels were significantly increased in APTB patients from
cohort 1 (p =0.0305) as compared to cohort 2, while no statistically significant difference
in serum Clq level was observed between the healthy control groups (Figure 1). The
capacity of serum Cl1q to discriminate APTB from healthy controls was analyzed using

receiver operating characteristic (ROC) curve analysis on all APTB cases (n = 72) versus

50



Diagnostic value of C1q in tuberculosis and uveitis

all healthy controls (n = 73) and revealed an area under the curve of 0.786 (p < 0.001;
95% Cl 0.712-0.859; Figure 2). Diagnostic performance, as calculated by maximum
Youden’s index, revealed a sensitivity of 65.3% and specificity of 79.5%, when a cut-off
value for serum complement Clq of > 271.1 ug/ml was used (Supplementary table 2).
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Figure 1. Increased serum Clq levels in active pulmonary tuberculosis (APTB). Comparison of
serum Clq levels in APTB patients and healthy controls from Indonesian cohort 1 (left, APTB n =
22, healthy controls n = 23) and Indonesian cohort 2 (right, APTB n = 50, healthy controls n = 50).
APTB, active pulmonary tuberculosis; HC, healthy control. Horizontal lines represent the group
mean, and error bars indicate the 95% confidence interval (Cl). Statistical analysis was performed
on the transformed data set in GraphPad Prism 5.0, and Welch’s t-test was used to compare
groups. *p < 0.05, ***p < 0.001.
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Figure 2. Receiver operating characteristics curve analysis of the ability of serum C1q to distinguish
APTB patients (cohort 1 + 2; n = 72) from healthy controls (cohort 1 + 2; n = 73). Statistical analysis
was performed on the transformed data set in SPSS 25.

Inverse correlation between serum Clq levels and peripheral blood
type-1 IFN signature scores in active pulmonary TB patients

In APTB patients (cohort 1, n = 22), serum Clq levels displayed a significant inverse
correlation with the type-1 IFN signature scores (r? = 0.3526; p = 0.0036, Figure 3A).
Substantial subsets of patients with pSS, SLE and SSc also display a positive type-1 IFN
signature [28-31]. Therefore, to determine whether the inverse correlation between
serum Clqg and peripheral blood type-1 IFN gene signature might be TB specific or
represents a more general phenomenon, we also determined the relation between
serum Clq levels and peripheral blood type-1 IFN signature scores in pSS, SLE and SSc
patients. Serum Clq did not show any correlation with the peripheral blood type-1
IFN signature scores in any of these systemic autoimmune diseases (Supplementary

Figure 1).
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Figure 3. Correlation between serum C1q levels and whole blood transcriptional signature score,
consisting of 10 type-1 interferon-stimulated genes (type-1 IFN signature). The vertical line
represents the previously reported22 type-1 IFN signature score cut-off value for active TB. The
horizontal line represents the serum Clq cut-off value based on the 95% reference interval for
healthy controls (cohort 1 + 2; n = 73). (A) Inverse correlation between serum Clq level and type-
1 IFN signature score in APTB patients (cohort 1; n = 22). None of the patients located to the left
lower quadrant IV (normal serum C1q and a negative type-1 IFN signature). (B) No correlation
between serum Clq levels and type-1 IFN signature score in healthy controls (cohort 1, n = 23).
Twenty of the 23 healthy controls located to the lower left quadrant IV (normal serum C1q and
a negative type-1 IFN signature). Statistical analysis was performed in GraphPad Prism 5.0, and
correlation coefficient was determined with Pearson’s r test.

On the basis of all Indonesian healthy controls (n = 73, cohorts 1 and 2), the upper limit of
the 95% reference range was used as a cut-off value for serum Clq levels. This yielded a
cut-off value of 2.57 [log (C1q pug/ml)], indicated by the horizontal line in Figure 3. We also
applied a log transformation on the previously reported type-1 IFN signature score cut-off
value for positivity, yielding a value of 1.31, as indicated by the vertical line in Figure 3 [22].
This generated four quadrants based on serum Clq and type-1 IFN signature score. Most
importantly, application of these quadrants clearly demonstrated that although both
increased serum Clq level and a positive blood type-1 IFN signature have been suggested
as potential biomarker for active TB, they can be mutually exclusive [Figure 3A: quadrants
| (elevated serum Clq and negative type-1 IFN signature score) and Il (normal serum Clq
and positive type-1 IFN signature score)]. Twenty out of 23 (87%) healthy controls located
to quadrant IV (normal serum C1lq and negative type-1 IFN gene signature; Figure 3B),
while none of the APTB cases located to this quadrant (Figure 3A).

Increased serum Clq levels in QFT-positive patients with uveitis of
unknown cause

Clq levels were significantly elevated in serum from QFT-positive patients with uveitis
of unknown etiology (n = 58) as compared to QFT-negative uveitis patients (p <
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0.001) and healthy controls (p < 0.001). Serum C1q levels were comparable between
QFT-negative uveitis patients and healthy controls (Figure 4). Comparison between
infectious and non-infectious uveitis within the QFT-negative uveitis group revealed
no difference in serum Clq levels (Figure 5A). Interestingly, APTB patients with uveitis
displayed significantly higher serum Clq levels than APTB patients without uveitis (p =
0.0207; Figure 5B). Furthermore, APTB patients with uveitis had significantly (p <0.001)
elevated serum Clq levels as compared to QFT-negative patients suffering from uveitis
because of infection with the obligate intracellular parasite Toxoplasma gondii. Serum
Clq levels in Toxoplasmosis-associated uveitis patients were comparable to levels in
healthy controls (Figure 5C).
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Figure 4. Increased serum Clq levels are associated with QuantiFERON-Tb Gold (QFT)-positive
uveitis of unknown cause. Comparison of serum Clq levels in QFT-positive patients with uveitis
of unknown cause (cohort 1; n = 58), QFT-negative patients with uveitis (cohort 1; n = 51) and
healthy controls (cohort 1 + 2; n = 73). UV, uveitis. Horizontal lines represent the group mean, and
error bars indicate the 95% Cl. Statistical analysis was performed on the transformed data set in
SPSS 25, and multiple comparison was performed by analysis of variance (ANOVA) followed by
Dunnett’s T3 post hoc testing. ***p < 0.001.
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Figure 5. Increased serum Clq levels in APTB patients with uveitis. (A) Comparison of serum Clq
levels between infectious and non-infectious uveitis amongst QFT-negative patients (cohort 1;
n = 51). (B) Comparison of serum Clq levels in APTB patients with uveitis (cohort 1; n = 12) and
APTB patients without uveitis (cohort 1; n = 10). (C) Comparison between serum Clq levels in
APTB patients with uveitis (cohort 1; n = 12), QFT-negative patients with Toxoplasmosis gondii-
associated uveitis (cohort 1; n = 16) and healthy controls (cohort 1 + 2; n = 73). Tox, Toxoplasmosis
gondii. Horizontal lines represent the group mean, and error bars indicate the 95% Cl. Statistical
analysis was performed on the transformed data set in SPSS 25, and multiple comparison was
performed by ANOVA followed by Dunnett’s T3 post hoc testing. *p < 0.05, ***p < 0.001.

The combination of serum Clq and peripheral blood type-1 IFN signature
distinguishes four distinct groups within QFT-positive uveitis patients
Applying the combination of serum Clq and the type-1 IFN signature score cut-off
values to the QFT-positive patients with uveitis of unknown cause (n = 58) differentiated
these patients into four distinct groups (Figure 6). The majority of patients (n = 30;
52%) located to quadrant IV (normal serum Clqg and a negative type-1 IFN signature),
17 patients (29%) located to quadrant Il (normal serum C1q and a positive type-1 IFN
signature), six patients (10%) located to quadrant Il (elevated serum Clq and a positive
type-1 IFN signature), and five patients (9%) located to quadrant | (elevated serum Clq
and a negative type-1 IFN signature).
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Figure 6. Application of serum Clq and type-1 IFN signature score to QFT-positive patients with
uveitis of unknown cause. The type-1 IFN signature score cut-off value is indicated by the vertical
line, and the serum Clq level cut-off value is indicated by the horizontal line. From the QFT-
positive patients with uveitis of unknown cause (cohort 1; n = 58), 30 patients located to quadrant
IV (normal serum Clqg and a negative type-1 IFN signature) and might be considered as unlikely to
suffer from uveitis because of active TB. Five patients located to quadrant I, six patients located to
quadrant Il, and 17 patients located to quadrant lll. The patients within quadrants |, Il and Il are
more likely to suffer from uveitis because of active TB.

Discussion

In our current study, we established an association between APTB (with or without
uveitis) and elevated serum C1q levels in two, independently collected, Indonesian
cohorts. ROC analysis displayed the diagnostic value of serum C1q. Serum C1q diagnostic
performance, as calculated by maximum Youden'’s index (0.4473), revealed a sensitivity
of 65.3% and specificity of 79.5% to discriminate APTB patients from geographically
matched healthy controls. These findings confirm the previous study by Lubbers et al.
that reported increased serum Clq levels in APTB patients from distinct geographical
locations (Italy, Gambia, Korea and South Africa) as compared to geographically matched
healthy controls, LTBI and clinically relevant diseases (e.g. sarcoidosis, leprosy and
pneumonia) [23]. Our study is limited in the sense that not all included healthy controls
were examined for the presence of LTBI, which could have served as a separate control
group. However, equal serum Clq levels in LTBI and healthy controls have previously
been observed [23]. Therefore, our data support the notion that elevated serum Clq

measurement may provide added value in the diagnosis of active TB infections.
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We, and others, previously demonstrated that APTB is associated with overexpression
of ISGs in peripheral blood cells and that this may represent a biomarker for active
TB, progression from LTBI to active TB, or to monitor treatment efficacy [18-20, 22].
Interestingly, associations between Clq deficiency and exacerbated IFN-a responses have
been reported [27]. Moreover, C1g was noted to inhibit immune complex-induced IFN-a
production by plasmacytoid dendritic cells, while hepatitis C virus core protein was found
to downregulate inflammatory cytokine production via Clqg receptor (gC1gR) ligation
[26, 27, 32]. These findings indicate that C1g-gC1qR interactions may regulate cytokine
responses, including IFN-a. Therefore, we determined the relation between serum Clq
levels and type-1 IFN signature scores in active TB disease, as both have been proposed as
biomarker to identify active TB. We observed a clear inverse correlation between serum
Clq levels and type-1 IFN signature scores in APTB patients, indicating that both these
proposed biomarkers for active TB disease can be mutually exclusive. We propose that the
combined measurement of type-1 IFN signature and serum C1q may provide added value
in the diagnosis of active TB disease.

Positive blood type-1 IFN gene signatures also occur in substantial numbers of patients
with systemic autoimmune disease, including pSS, SLE or SSc [28-31]. We did not
observe a correlation between the disease-specific type-1 IFN gene signature score and
serum C1q level in systemic autoimmune disease (pSS, SLE or SLE). Several studies did
identify transcriptional differences, as well as similarities, in type-1 IFN-inducible gene
signatures between various autoimmune diseases, TB, and normal immune responses,
supporting the use of disease-specific IFN gene signatures [33, 34]. Thus, although the
genes underlying the type-1 IFN gene signature differed between our TB cohort and the
systemic autoimmune disease cohort, our data support a role for C1q in regulating type-1
IFN signaling during active TB disease. How this relates to disease pathology, duration,

activity or progression is still unclear and should be investigated in future studies.

Interestingly, APTB patients with uveitis displayed higher serum Clq levels than APTB
patients without uveitis. The exact reason for this is currently unknown. However, Clq
can modulate T-cell responses by attenuating the activity of CD8* T cells, Thl and Th17
cells and enhancing regulatory T-cell activity [35, 36]. Furthermore, serum analysis of
rhesus macaques with pulmonary TB revealed a further increase in serum Clq level
in those macaques that were unable to control disease, while levels remained stable
at pre-infection levels in macaques that did control the infection [23, 37]. This further
supports a potential immune dampening effect of C1q that hampers Mtb control
(within the lungs), thereby leading to pulmonary disease progression and potential
systemic Mtb spread. Moreover, increased serum C1q levels, during TB infection, are
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accompanied by an increase in the expression of SERPING1, the main inhibitor of
the Cl-complex [23, 38]. This may suggest the presence of a TB-specific immune-
escape mechanism in which the immune-suppressive effect of Cl1q on T-cell biology
is achieved without increased classical complement pathway activation. At the same
time, immune dampening by Clq might limit immunopathology, which might be

beneficial at vital and vulnerable anatomical locations such as the eyes.

Previously, we did not observe increased expression of C1QA, C1QB or C1QC mRNA
transcripts in Mtb-infected RPE cells [39]. This suggests that Mtb-infected RPE cells
most likely do not directly contribute to the high serum Clq levels we observed in TB-
associated uveitis. Potentially, RPE-derived molecules stimulate other cell types (e.g.
monocytes, macrophages and/or dendritic cells) within and/or outside the eye to
produce Clq. Transcriptional and immuno-histochemical analysis on enucleated eye
structures of patients suffering from TB-associated uveitis would be of great interest to
identify any Clg-producing cells in the eye.

Swift diagnosis of TB-associated uveitis is crucial to minimize disease burden and optimize
treatment outcome [10]. However, QFT and TST do not discriminate between a current
active Mtb infection and past exposure. Moreover, especially in TB-endemic countries, the
association between a positive QFT and/or TST test with uveitis might be coincidental.
In such areas, over-diagnosis of active TB-associated uveitis is a recognized problem that
may result in overzealous treatment of QFT-positive uveitis patients with highly toxic anti-
TB drugs [40]. This underlines the need for new biomarkers, or combinations thereof, to
stratify especially QFT-positive patients with uveitis of unknown cause, into those that are
less likely, or highly likely, to suffer from uveitis because of an active Mtb infection [41-
44]. Previously, we proposed that QFT-positive uveitis patients with a negative type-1 IFN
signature had a low risk of suffering from uveitis because of an active TB infection [22].
However, our current data indicate that active TB can exist in the context of a negative
type-1 IFN signature, in the presence of elevated serum Clq levels. Therefore, based
on our current finding, we propose that QFT-positive patients with uveitis of unknown
cause, that have a negative type-1 IFN signature and normal serum Clq levels (quadrant
IV, Figure 6), are least likely to suffer from uveitis because of an active TB infection.
These patients might, for instance, suffer from autoimmune uveitis, either related or
unrelated to past Mtb infection, or from uveitis of another (unidentified) cause [45, 46].
In contrast, TB-associated uveitis is highly likely in patients falling into one of the other
quadrants (quadrants I, Il and IlI; Figure 6). Combined type-1 IFN signature and serum Clq
measurement could therefore aid in the diagnostic workup of QFT-positive uveitis patients
to optimize treatment choice and potentially prevent unnecessary treatment with highly
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toxic anti-TB drugs in a substantial number of patients (quadrant IV; Figure 6).

A limitation of our study is that we had no data on outcome/treatment response
available. Such data would have been of additional value to further support our
hypothesis that QFT-positive uveitis patients that fall into quadrants I, Il or Il are likely
to display a beneficial response to ATT, while patients falling into quadrant IV most likely
do not. Therefore, studies that explore the relation between peripheral blood type-
1 IFN signature and serum C1q level in relation to the efficacy of ATT in QFT-positive
uveitis patients are warranted.

In conclusion, in this study we confirm the recently published association between
active TB disease and elevated serum Clq levels. Our study is the first to reveal an
inverse correlation between serum Clq level and type-1 IFN signature score in active
TB disease. Importantly, our data clearly demonstrate that increased serum Clq levels
or a positive type-1 IFN signature are individually not sufficient to detect active TB
disease. We propose that the combined measurement of peripheral blood type-1 IFN
signature and serum Clq level is of added value in the diagnosis of active TB disease.
This is further supported by ROC analysis on cohort 1, where predicted probabilities
calculated by binary logistic regression on the combined measurement of serum Clq
and type-1 IFN signature score yielded a sensitivity of 100% and specificity of 87%,
thus outperforming the diagnostic accuracy of serum C1q or type-1 IFN signature score
alone (Supplementary Figure 2). However, additional studies using higher numbers of
patients are required to confirm this observation. Moreover, we expect that combined
measurement of both these biomarkers will improve the stratification of patients that
are suspected of active TB-associated uveitis into groups with either a low or high risk
of having uveitis because of an active TB infection. Such a stratification could form the
basis for future diagnostic and treatment studies in QFT-positive uveitis patients.

Materials and methods

Patients and controls

Sera from three previously collected cohorts, two TB cohorts from Indonesia (herein
designated as cohort 1 [47] and 2 [48]) and one cohort consisting of systemic
autoimmune patients from mainly Caucasian origin (herein designated as cohort
3 [28-30]), were included in this study. All individuals from cohorts 1 and 3 and all
TB patients from cohort 2 were HIV negative, and healthy controls from cohort 2
were largely untested. A detailed description of the patient cohorts is given in Table

1. All included individuals provided their written informed consent. The study was
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approved by the local medical ethics committees of the Faculty of Medicine University
of Indonesia (cohort 1, FMUI: 268/H2.F1/ETIK/2014), The Eijkman Institute research
ethics committee, Jakarta (cohort 2), and Erasmus MC, University Medical Center,
Rotterdam, the Netherlands (cohort 3, MEC-2011-116). This study was conducted in
coherence with the tenets of the Declaration of Helsinki.

Table 1. Patient characteristics. APTB, active pulmonary tuberculosis; IFN, interferon; QFT,
QuantiFERON-TB Gold test; SD, standard deviation.

(Sub)Group Mean Age Male-to-Female Sputum QFT positive Type | IFN signature
(SD) ratio positive (>0.351U/ml) score positive (> 5.6)

Cohort 1 (n = 154)

Healthy Control (n = 23) 31.0(9.4) 0.4 n/a 0/23 2/23

APTB w/o uveitis (n = 10) 41.3(15.7) 23 10/10 7/10 10/10

APTB-assoc. uveitis (n =12) 42.0(17.2) 2.0 2/12 10/12 5/12

QFT-positive Uveitis of 46.3 (13.2) 0.4 n/a 58/58 23/58

unknown etiology (n = 58)

QFT-negative Uveitis (n =51) 39.9 (16.5) 1.6 n/a 0/51 21/58

Cohort 2 (n = 100)

Healthy Control (n = 50) 34.6 (12.6) 0.9 0/50 n/a n/a

APTB uveitis unknown 31.4 (9.5) 2.1 50/50 n/a n/a

(n=50)

Cohort 3 (n =139)

Primary Sjégren’s syndrome 60.2 (13.2) 0.1 n/a n/a n/a

(n=86)

Systemic lupus 46.8 (13.6) 0.1 n/a n/a n/a

erythematosus (n = 30)

Systemic sclerosis (n = 23) 59.5 (10.9) 0.2 n/a n/a n/a

Tuberculosis, QFT-positive uveitis and QFT-negative uveitis

Cohort 1 was previously described and originates from Jakarta (n = 131 patients and n =
23 healthy controls) [47]. Cohort 1 contained 10 sputum smear-positive APTB patients
without uveitis, 12 clinically diagnosed APTB patients with uveitis of whom two were
sputum smear positive, 58 QuantiFERON-Tb Gold test (QFT)-positive (> 0.35 IU/ml)
uveitis patients without any signs of active TB and no alternative determined uveitis
cause, 51 QFT-negative uveitis patients [infectious origin (n = 19), related to systemic
disease (n = 5), ocular syndromes (n = 12) or uveitis of unknown etiology (n = 15)],
and 23 healthy Indonesian controls. Cohort 2 also originates from Jakarta and consisted
of 50, sputum smear and culture positive, APTB patients and 50 healthy Indonesian
controls. Diagnostic information concerning the presence of uveitis in these patients
was not available [48].
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Systemic autoimmune disease

Cohort 3 consists of sera from patients with pSS (n = 86), SLE (n = 30) and SSc (n = 23) that
were included at the Erasmus MC, University Medical Center, Rotterdam, the Netherlands.

Serum Clq ELISA

Serum Clq levels were determined by ELISA, as described previously [23, 49]. In short,
MaxiSorp (Nunc, Rochester, NY, USA) plates were coated overnight at 4°C with mouse
anti-human C1lq antibody (Department of Nephrology, Leiden University Medical Center,
the Netherlands) in coating buffer (0.1 M Na,CO,, 0.1 M NaHCO,, pH 9.6). The next day,
plates were washed and blocked with PBS/1% BSA for 1 h at 37°C. After washing, the
plates were incubated for 1 h at 37°C with serum samples serially diluted in PBS/1%
BSA/0.05% Tween. Subsequently, the plates were washed and incubated (1 h, 37°C)
with rabbit anti-human Clq antibody (DAKO, Jena, Germany). Hereafter, the plates
were washed and incubated (1 h, 37°C) with horseradish peroxidase (HRP)-labelled
goat-anti-rabbit antibody (DAKO). As substrate, 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS; Sigma, Saint Louis, MO, USA) was used to optically visualize HRP
activity, which was quantified by measuring the optical density at 415 nm. Wash steps
were performed with PBS/0.05% Tween. All serum sample measurements within the
linear range of the reference curve were averaged, and reference curve dilutions were

analyzed in duplicate.

Peripheral blood type-1 IFN gene signatures

From patients and healthy controls included in cohort 1, the TB-related peripheral
blood type-1 IFN gene signature scores were previously determined in blood obtained
at the same time as serum used for C1q analysis in our current study [22]. In addition,
from cohort 3, the systemic autoimmune disease-related peripheral blood type-1 IFN
signature scores were available and determined as previously described [28-30]. Genes
comprising the disease-related type-1 IFN signatures, as well as the formula used to
calculate the type-1 IFN signature score, are provided in Supplementary table 1.

Statistical analysis

Data distribution of all groups was determined with the D’Agostino—Pearson normality test.
As most of the data were not normally distributed within the groups, a log transformation
was applied on the complete data set. C1q values were transformed by log (C1q pg/ml),
while the type-1 IFN signature scores were transformed by log (15 + type-1 IFN signature).
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Comparison between two groups was performed with an unpaired Student’s t-test.
If group variances differed significantly (F-test), an unpaired Welch'’s t-test was used
instead. Correlations were determined with Pearson’s r test. Multiple comparison
testing was performed by analysis of variance (ANOVA) followed by Dunnett’s T3 post
hoc testing. Statistical analysis was performed in GraphPad Prism 5.0 and SPSS 25. A

p-value < 0.05 was considered significant.
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Supplementary Figure 1. Correlation between serum Clq levels and type-1 IFN signature in
primary Sjogren’s syndrome (n = 86), systemic lupus erythematosus (n = 30) and systemic sclerosis
(n =23) patients (cohort 3).
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ROC Curve

— Serum Clq
— Type-1IFN signature
— Predicted probability (serum C1q and type-1 IFN signature)
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Supplementary Figure 2. ROC curve for the combination of serum Clq and type-1 IFN signature
for the prediction of active TB disease.
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Supplementary Table 1.

Formula used to calculate type-1 IFN signature score:

EilaghCt(rubjects) — Logdle{healthy contrals)) = st dev. Logdlr{kealthy controls)”

Genes Genes Genes Genes
Tuberculosis Primary Sjogren’s Syndrome  Systemic Lupus Erythematosus  Systemic Sclerosis
UBE2L6 IFl44 IF144 IF144
FCGR1B IFI44L IFI44L IFI44L
GBP1 IFIT1 IFIT1 IFIT1
IL1B IFIT3 IFIT3 IFIT3
MYD88 MxA MxA MxA
TLR8

IRF7

STAT1

SERPING1

IFIT2
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Abstract

Preeclampsia (PE) generally manifests in the second half of pregnancy with
hypertension and proteinuria. The understanding of the origin and mechanism behind
PE is incomplete, although there is clearly an immune component to this disorder. The
placenta constitutes a complicated immune interface between fetal and maternal cells,
where regulation and tolerance are key. Stress factors from placental dysfunction in
PE are released to the maternal circulation evoking the maternal response. Several
complement factors play a role within this intricate landscape, including C1q in vascular
remodeling and Factor H (FH) as the key regulator of alternative pathway complement
activation. We hypothesize that decreased levels of Clq or FH, or disturbance of their
function by autoantibodies, may be associated with PE. Autoantibodies against C1lq
and FH and the concentrations of Cl1q and FH were measured by ELISA in maternal
sera from women with preeclamptic and normal pregnancies. Samples originated from
cohorts collected in the Netherlands (n = 63 PE; n = 174 control pregnancies, n = 51
nonpregnant), Finland (n = 181 PE; n = 63 control pregnancies) and Norway (n = 59 PE;
n = 27 control pregnancies). Serum Clq and FH concentrations were higher in control
pregnancy than in nonpregnant women. No significant differences were observed for
serum Clq between preeclamptic and control pregnancy in any of the three cohorts.
Serum levels of FH were lower in preeclamptic pregnancies compared to control
pregnancies in two of the cohorts, this effect was driven by the early onset PE cases.
Neither anti-C1q autoantibodies nor anti-FH autoantibodies levels differed between
women with PE and normal pregnancies. In conclusion, levels of anti-C1q and anti-FH
autoantibodies are not increased in PE. C1q and FH are increased in pregnancy, but
importantly, a decrease in FH concentration is associated with PE.
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Introduction

Preeclampsia (PE) is a vascular complication presenting in the second half of pregnancy.
PE occurs in about 3% of pregnancies and is an important cause of both fetal and
maternal morbidity [1]. The disease is characterized by newly developed hypertension
and proteinuria, or new-onset PE-associated signs in the absence of proteinuria, and
can progress systemically to include organ dysfunction. Onset of PE is unpredictable,
with the only cure being delivery of the placenta [2]. Although the mechanism behind
the development of PE is incompletely understood, its origin may involve improper
placentation with incomplete remodeling of the uterine spiral arteries and development
of a dysfunctional placenta with vascular malperfusion [3]. As the pregnancy progresses
and the fetus demands a fully functional placenta, the placenta releases increasing
amounts of stress signals to the maternal circulation and the mother may eventually

develop endothelial dysfunction and the clinical manifestation of PE.

In the context of healthy pregnancy, a well-functioning and regulated complement
system is key. The complement system is an important component of the innate immune
system, consisting of more than 30 protein factors that form three converging activation
pathways (classical, lectin and alternative pathways) with their accessory regulators [4].
Although classically known in the defense against infections, the complement system
is also involved in clearance of immune complexes and dying cells, tissue regeneration
and angiogenesis [5]. Additionally, complement forms a bridge towards cellularimmune
responses, attracting and activating immune cells locally with activation fragments that

act as anaphylatoxins and opsonins.

The initiator of the classical pathway of the complement system, C1q, binds directly to
apoptotic cells and debris that results from tissue remodeling, labeling it for clearance
[6]. The relevance of Clq for a healthy pregnancy was highlighted by the observation
of impaired labyrinth development and vessel remodeling in pregnant Clg-deficient
mice compared to wildtype mice [7]. Additionally, C1g-deficient mice are predisposed
to present with PE-like symptoms and higher fetal loss [8]. In human pregnancy, Clq
is found throughout the maternal side of the placenta and is also locally produced
by invading trophoblasts, the fetal cell type directly interacting with maternal cells at
the maternal-fetal interface [7]. In healthy pregnancy the local presence of C1q in the
placenta does not result in overt complement activation [9]. Human Clq deficiency
is very rare and although it is studied in great detail because of its association with
development of Systemic Lupus Erythematosus (SLE) and infections, no information is
currently available on pregnancy outcomes [10].

77



Chapter 4

Factor H (FH) is a key regulator of the alternative pathway because of its ability to block
C3 convertase formation and its function as a cofactor for Factor I. In this way, FH plays
an important role in the steady state protection of host cells throughout the body,
especially circulating cells and endothelial cells. In addition, FH provides protection
against excessive complement activation on apoptotic cells, which downregulate
membrane-bound complement inhibitors [11]. FH is abundantly present in the
placenta, but the observed irregular distribution of FH in the PE placenta may suggest
a disturbed balance between complement activation and regulation in PE [12]. FH was
even observed intracellularly in syncytiotrophoblast, although this FH may actually be

of fetal rather than maternal origin [13].

Autoantibodies may target multiple complement proteins, including C1q and FH [14].
Anti-C1q autoantibodies are typically present in diseases like SLE, Hypocomplementemic
Urticarial Vasculitis Syndrome and Rheumatoid Vasculitis, but are also present in a
fraction of healthy individuals [15]. Importantly, anti-C1q autoantibodies do not deplete
circulating C1q, but may amplify classical pathway driven complement activation and
dysregulate other processes driven by Clq [16, 17]. Autoantibodies to FH have been
described in atypical Hemolytic Uremic Syndrome and C3-glomerulopathy as well
as in antiphospholipid syndrome and other autoimmune diseases [18, 19]. Anti-FH
autoantibodies may have different functional consequences, as some form immune
complexes leading to (partial) FH depletion, while other anti-FH autoantibodies affect
the functional properties of FH [19]. Consequences of these autoantibodies are often
associated with autoimmune diseases, where they may drive or enhance pathogenesis.
Several previous studies showed a relationship between anti-C1q autoantibodies and
negative pregnancy outcomes in miscarriage, ectopic pregnancy and autoimmune
thyroid disorders, but not for PE [20-22]. A study focusing on pregnancy in lupus
nephritis patients found that anti-C1q was not a predictor of PE [23].

We hypothesize that a balance between complement activation, needed for tissue
remodeling and clearance of apoptotic cells in the placenta, and regulation is critical
for a healthy pregnancy. This balance may be disturbed in PE, which could contribute to
the underlying pathogenesis. Autoantibodies against complement factors may further
hamper their proper function or incite unwanted immune activation. In this study, we
therefore compared the serum levels of C1q and FH, and autoantibodies against these
factors, in women with healthy or preeclamptic pregnancies.
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Materials and methods

Patients and samples

Serum samples of women with preeclamptic and control pregnancies were derived
from three cohorts collected in the Netherlands, Finland and Norway. PE was defined as
hypertension (systolic blood pressure >140 mmHg or diastolic blood pressure >90 mmHg)
and proteinuria (=0.3 g/24h or >0.3 g/L), or newly developed PE-associated signs in the
absence of proteinuria, with onset beyond 20 weeks of gestation. Women with normal

pregnancies and no previous history of PE were included as controls.

The cohort from the Netherlands was collected at the Leiden University Medical Center
(LUMC) and comprised 63 women with PE and 174 women with control pregnancies.
Serum samples from these women were collected on the day of delivery, although it
varied whether this was performed before or after the actual delivery. Additionally, a
group of 51 nonpregnant women with a similar age profile as the pregnancy cohorts
(median age 31 years, range 20-46), was included.

The cohort from Finland comprises samples of 181 preeclamptic and 63 control
pregnancies from the Finnish Genetics of Pre-eclampsia Consortium (FINNPEC) that has
been described before [24]. In this cohort proteinuria could additionally be diagnosed
based on two >1 readings on a dipstick in a random urine determination with no
evidence of a urinary tract infection. Samples were collected at recruitment, 74% were
taken prior to the day of delivery (range 1 to 31 days before delivery), while 25% of
samples were taken on the day of delivery, one sample in the control pregnancy group

was taken on the second day after delivery.

The Norwegian cohort was collected at St. Olavs and Haukeland University Hospitals and
comprises sera from 59 women with PE and 27 women with control pregnancies. All samples
in this cohort were collected before delivery on the day of delivery by caesarean section,
without signs of being in labor. Caesarean sections for the control group were indicated
due to breech position, suspected birth defects, previous obstetric history, or birth anxiety.
Serum samples from Finland and Norway were stored frozen and were transported to LUMC
for analysis. Ethical approval for the three cohorts was obtained at the individual centers
(the Netherlands: P08.229/228, Finland: 149/E0/2007, Norway: REC 2012/1040).

Anti-C1q antibody ELISA

Antibodies against Cl1q were measured by QUANTA Lite Anti-Clg ELISA (Inova
Diagnostics) according to the manufacturer’s protocol. Briefly, 100 ul of 1:101 diluted
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sera in Samples Diluent were incubated in ELISA plate wells for 30 minutes at room
temperature. Wells were washed 3 times with wash buffer, incubated with 100 ul
horseradish peroxidase (HRP) conjugated anti-IgG and incubated for 30 minutes at room
temperature. After washing 3 times, wells were incubated with 100 ul TMB Chromogen
for 30 minutes at room temperature, followed by addition of 100 pl acidic HRP Stop
Solution. Absorbance values were read at 450 nm and used to calculate anti-C1qg units
based positive control samples included in the kit. The cut-off for positivity was 20 units,

as recommended by the manufacturer.

Anti-FH antibody ELISA

Measurement of antibodies against FH was performed using an in-house developed
ELISA. Nunc MaxiSorp ELISA plates (ThermoScientific) were coated with 50 pl of 10
pg/ml FH (Complement Technology) in 0.1M bicarbonate coating buffer (pH 9.6) and
incubated overnight at 4°C. Wells were washed 3 times with PBS/0.05% Tween, blocked
with 100 ul PBS/1% BSA for 1 hour at 37°C and washed 3 times. Serum samples were
diluted 1:50 in PBS/0.05% Tween/1% BSA (PTB) and 50 ul sample was incubated in wells
for 1 hour at 37°C. After washing 3 times, 50 pl 0.11 pug/ml Goat anti-human IgG-biotin
(Invitrogen) was added, followed by incubation for 1 hour at 37°C and washing 3 times.
Secondary detection consisted of 50 ul 0.5 pg/ml streptavidin-HRP (ThermoScientific),
incubated for 1 hour at 37°C. After the final washing sequence, 50 pl 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS)/0.015% H,0, was added. Absorbance was
read at 415 nm. Anti-FH units (U) were determined based on standard curve of anti-FH
standard (180kU; Sanquin Diagnostics, Amsterdam, the Netherlands) by an Excel-based
logit calculation. Cut-off for positivity was set at 95th percentile of all control pregnancy
samples combined.

Clq ELISA

To measure the concentration of C1qin serum samples, anin-house ELISA was performed
as described before [25]. Nunc MaxiSorp ELISA plates (ThermoScientific) were coated
with 50 pl 2.5 pg/ml mouse anti-human C1qg monoclonal antibody (mAb) 2204 (kind gift
Prof. C. van Kooten, Dept Nephrology, LUMC) in 0.1M bicarbonate coating buffer (pH
9.6) and incubated overnight at room temperature. Wells were washed 3 times with
PBS/0.05% Tween and blocked with 100 pl PBS/1% BSA and incubated for 1 hour at
37°C. After washing, 50 pl of serially diluted serum samples in PTB, as well as a standard
curve from a pool of normal human serum were added to the wells, followed by

incubation for 1 hour at 37°C and washing 3 times. Wells were then incubated with 50
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pl 1:2000 diluted rabbit anti-human Clq (DAKO) for 1 hour at 37°C. After washing, 50 pl
1:2000 goat anti-rabbit-HRP (DAKO) was added for detection and wells were incubated
for 1 hour at 37°C. Following the final washing sequence, wells were incubated with 50
ul ABTS/0.015% H,0, and absorbance was read at 415 nm. Clq concentrations were
calculated based on the standard curve of a reference serum.

FH ELISA

Concentration of FH in serum was determined by an in-house ELISA on Nunc MaxiSorp
ELISA plates (ThermoScientific). Wells were coated with 50 pl 0.5 pg/ml mouse anti-FH
(clone FH.16; Sanquin) in bicarbonate coating buffer (pH 9.6) and incubated overnight
at room temperature. After washing 3 times with PBS/0.05% Tween, wells were blocked
with 100 pl PBS/1% BSA for 1 hour at 37°C. Samples were diluted 1:2000 and 1:4000 in
PTB, and 50 ul was added to the wells. For calculation of FH concentration, a standard
curve of a reference serum with known FH concentration was added on each plate.
Wells were incubated for 1 hour at 37°C and washed, then incubated with 50 ul 0.25
ug/ml biotinylated mouse anti-human FH mAb OX-23 for 1 hour at 37°C. After washing,
detection was performed by incubating the wells with 50 pl 0.5 pg/ml streptavidin-HRP
(ThermoScientific) for 1 hour at 37°C. Following the final wash, wells were stained with
50 ul ABTS/0.015% H,O, and absorbance was read at 415 nm. FH concentrations were
calculated based on the standard curve of a reference serum.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 8 for Windows (GraphPad
Software, San Diego, CA, USA). Normal distribution of data was examined by D’Agostino
& Pearson normality test. Comparisons of numerical data were performed by Mann-
Whitney U test, whereas categorical data was analyzed with Fisher’s exact test. Analysis
of samples matched for gestational age (in the cohort from Finland) was performed
by forming pairs with maximum 2 days difference in gestational age, C1q and Factor
H concentrations were then compared between pairs by paired t test. Correlation

between data was analyzed by Spearman’s rank correlation.
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Table 1. Clinical characteristics of the included subjects. For patient characteristics, median and
range are indicated. For blood pressure, the highest diastolic blood pressure is used. Where
information was not available for all subjects, the number of missing data points is indicated in
superscript. Statistical significance calculated by Mann Whitney U test (#) or Fisher’s exact test (S).

The Netherlands

Preeclampsia (n = 63) Control (n = 174) p-value
Maternal age (years) 31 (18-46) 33 (23-42) 0.0117%
Gestational age (days) 220 (170-283) 275 (266-297) <0.0001*
Fetal birthweight (g) 1246 (380-4030) 3598 (2445-5100) <0.0001*
Blood pressure (mmHg) 104 (90-160) 75 (55-90) <0.0001*
Proteinuria (mg/24hr) 2300 (310-14000) 1e N/A N/A
Gravidity 2 (1-9) 3(1-9) <0.0001*
Parity 0(0-5) 1(0-6) <0.0001*
Caesarean section (%) 49 (78%) 113 (65%) 0.0814°

Finland

Preeclampsia (n = 181) Control (n = 63) p-value
Maternal age (years) 32 (18-47) 31(21-43) <0.0001*
Gestational age (days) 246 (165-286) V) 280 (167-297) © <0.0001*
Fetal birthweight (g) 2775 (310-5110) 3470 (330-4748) <0.0001*
Blood pressure (mmHg) 111 (91-173) 84 (67-130) W <0.0001*
Proteinuria (mg/L) 3200 (300-19100) ¥ 200-270 <0.0001*
Gravidity 1(1-18) 2 (1-5)® <0.0001*
Parity 0(0-12) 1(1-2)® 0.4621%
Caesarean section (%) 90 (50%) 25 (40%) W 0.2389°
BMI (start of pregnancy) 23.90 (18.20-48.40) 22.90(18.20-39.10) @ <0.0001*

Norway

Preeclampsia (n = 45) Control (n =27) p-value
Maternal age (years) 30 (20-45) 33 (23-41) 0.0447"
Gestational age (days) 223 (178-275) 274 (265-294) <0.0001"
Fetal birthweight (g) 1286 (550-5010) 3510 (2800-4330) <0.0001"
Blood pressure (mmHg) 100 (80-130) 75 (60-99) <0.0001*
Proteinuria (Yes / No) Yes: 45 No: 26 ¥ <0.0001°
Gravidity 2 (1-13) 2 (1-5) 0.0743"
Parity 0(0-3) 1(0-3) 0.0095"
Caesarean section (%) 45 (100%) 27 (100%) >0.9999°
BMI (start of pregnancy) 24.4 (18.2-38.4)@ 24.6 (16.4-33.8)@ 0.522

Results

Patient characteristics

To study the relationship between the presence of anti-complement autoantibodies and
complement protein levels and PE we analyzed serum samples obtained from cohorts from
the Netherlands, Finland and Norway, comprising a total of 289 preeclamptic pregnancies
and 264 control pregnancies. Three cohorts from different countries were investigated to
provide a robust basis for conclusions. Overall, the three cohorts displayed the expected

clinical characteristics associated with PE, such as increased diastolic blood pressure,
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proteinuria and lower gestational age in the PE-complicated pregnancies as compared
to the control pregnancies (Table 1). Both gravidity and parity were in general lower in
the PE group than in controls although some differences existed between the cohorts.
The proportion of deliveries performed through Caesarean section was not significantly
different between the groups in any of the cohorts. Maternal body mass index (BMI) was
higher in the Finnish PE group as compared to the control group, no difference in BMI
was present in Norway, while BMI data from the Netherlands was not available. When
comparing the three cohorts of PE cases, the cohort from Finland stands out with a higher
median gestational age and fetal birthweight, (Table 2). Moreover, among both PE cases

and controls, a lower frequency of Caesarean sections is present in the Finnish cohort.

Table 2. Comparison of clinical characteristics between the three independent cohorts in control
pregnancies and in PE cases. Where information was not available for all subjects, the number
of missing data points is indicated in superscript. All comparisons were performed with Kruskal-
Wallis test, except for the mode of delivery, which was analyzed by Chi-square test.

Control pregnancies

Parameter The Netherlands Finland Norway p-value
(n=174) (n=63) (n=27)
Maternal age (years) 33 (23-42) 31(21-43) 33 (23-41) 0.032
Gestational age (days) 275 (266-297) 280 (167-297)W 274 (265-294) 0.205
Fetal birthweight (g) 3598 (2445-5100) 3470 (330-4748) 3510 (2800-4330) 0.089
Blood pressure (mmHg) 75 (55-90) 84 (67-130)"" 75 (60-99) <0.0001
Gravidity 3(1-9) 2 (1-5)® 2 (1-5) 0.0006
Parity 1 (0-6) 1(1-2)0 1(0-3) <0.0001
Caesarean section (%) 113 (65%) 25 (40%)Y 27 (100%) <0.0001
Preeclampsia
Parameter The Netherlands Finland Norway p-value
(n=63) (n=181) (n=45)
Maternal age (years) 31 (18-46) 32 (18-47) 30 (20-45) 0.409
Gestational age (days) 220 (170-283) 246 (165-286)Y 223 (178-275) <0.0001
Fetal birthweight (g) 1246 (380-4030) 2775 (310-5110) 1286 (550-5010) <0.0001
Blood pressure (mmHg) 104 (90-160) 111 (91-173) 100 (80-130) <0.0001
Gravidity 2 (1-9) 1(1-18) 2 (1-13) 0.532
Parity 0 (0-5) 0(0-12) 0(0-3) 0.038
Caesarean section (%) 49 (78%) 90 (50%) 45 (100%) <0.0001

Anti-C1q autoantibodies and Clq

Anti-Clq antibodies were absent in maternal serum of preeclamptic pregnancies in
the cohort from the Netherlands, while 10.3% of control pregnancy sera and 17.6%
of sera from nonpregnant women were positive for anti-C1q (Figure 1A). However, no
significant differences between control and preeclamptic pregnancies were observed
for anti-C1q levels in the other cohorts (Figures 1B, C, G). For serum Clq concentration,
no significant differences were observed between the PE and control pregnancies in any
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of the cohorts (Figures 1D—F). Analysis of pooled data from all cohorts and gestational
age-matched samples confirmed the lack of association between Clqg concentration
and PE (Figures 1H, 1). Interestingly, the serum Clqg concentration was higher for both

control and preeclamptic pregnancies than for nonpregnant women (Figure 1D).
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Figure 1. Anti-C1q antibodies and C1q in healthy or PE pregnancy. Anti-C1q antibodies measured
in maternal serum in cohorts from the Netherlands (A), Finland (B) and Norway (C), with
percentages under the graph indicating the proportion samples deemed anti-Clq positive
(>20 units, also indicated by dashed line). Cl1g concentration measured in maternal serum in
cohorts from the Netherlands (D), Finland (E) and Norway (F). Data from different cohorts was
normalized and pooled for anti-C1q (G) and C1q (H). For the cohort from Finland, a subanalysis
with samples matched for gestational age was additionally performed (l). Comparisons tested by
Mann-Whitney, or paired t test for panel I; *, 0.05 < p < 0.01;**, 0.001 < p < 0.01; ***,0.0001 <
p < 0.001; **** p< 0.0001.

Anti-FH autoantibodies and FH

We tested whether dysregulation of FH by the presence of autoantibodies is associated
with PE, but no significant differences were observed regarding the levels of anti-
FH autoantibodies between PE and control pregnancies (Figures 2A-C, G). However,
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importantly we observed significantly decreased levels of FH comparing the preeclamptic
pregnancies to healthy pregnancies. In the cohorts from the Netherlands and Norway, the
FH concentration was significantly lower in the PE group compared to controls pregnancies
(Figures 2D, F). In samples from Finland, a similar trend of lower FH concentration in the
PE group was observed (p = 0.067) (Figure 2E). When pooled data from all cohorts were
analyzed, the lower FH concentration remained significant (Figure 2H). Additionally, an
analysis of samples matched for gestational age in the cohort from Finland shows the same
result, excluding the possibility of data skewing by lower gestational ages in PE (Figure 2I).
Similar to what was observed for C1q, women with control pregnancies showed higher FH
concentration than nonpregnant controls (Figure 2D).
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Figure 2. Anti-Factor H antibodies and Factor H in healthy or PE pregnancy. Anti-Factor H
antibodies measured in maternal serum in cohorts from the Netherlands (A), Finland (B) and
Norway (C), dotted line indicates the detection limit at 35.2 units. Factor H concentration
measured in maternal serum in cohorts from the Netherlands (D), Finland (E) and Norway (F).
Data from different cohorts was normalized and pooled for anti-FH (G) and FH (H). For the cohort
from Finland, a subanalysis with samples matched for gestational age was additionally performed
(). Comparisons tested by Mann-Whitney, or paired t test for panel I; *, 0.05 < p <0.01; **, 0.001
<p<0.01; ***,0.0001 < p <0.001; **** p< 0.0001.
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Table 3. Correlation between clinical parameters and C1q, FH and autoantibodies in preeclamptic
pregnancies.

The Netherlands (n = 63)

Parameter Anti-Clq Clq Anti-FH FH
Spearmanr p-value Spearmanr p-value Spearmanr p-value Spearmanr p-value
Gestational age -0.199 0.118 0.050 0.696 -0.248 0.050 0.023 0.861
Proteinuria -0.243 0.100 -0.200 0.178 0.146 0.326 0.090 0.549
Highest diastole 0.078 0.541 -0.088 0.495 0.179 0.160 0.101 0.430

Fetal birthweight -0.150 0.241 -0.074 0.566 -0.291 0.021 0.031 0.806
Finland (n = 181)

Parameter Anti-Clq Clq Anti-FH FH
Spearmanr p-value Spearmanr p-value Spearmanr p-value Spearmanr p-value
Gestational age -0.044 0.562 0.026 0.734 0.082 0.271 0.090 0.227
Proteinuria -0.017 0.826 -0.069 0.360 0.008 0.911 -0.157 0.037
Highest diastole -0.145 0.051 -0.073 0.330 -0.198 0.007 0.100 0.180
Fetal birthweight -0.117 0.118 -0.023 0.756 0.005 0.948 0.135 0.071
BMI -0.111 0.135 0.004 0.958 0.034 0.649 0.288 8.57e-5
Norway (n = 45)
Parameter Anti-Clq Clq Anti-FH FH
Spearmanr p-value Spearmanr p-value Spearmanr p-value Spearmanr p-value
Gestational age 0.016 0.920 -0.125 0.412 0.042 0.785 0.327 0.029
Highest diastole 0.006 0.967 -0.155 0.311 -0.194 0.203 0.071 0.644
Fetal birthweight 0.061 0.691 -0.257 0.089 -0.025 0.873 0.250 0.098
BMI 0.025 0.877 0.306 0.052 0.008 0.961 0.351 0.024

Study of the association of complement and autoantibodies with
clinical parameters and subgroups of PE patients

To further investigate the relationship between PE and Clg, FH or autoantibodies
targeting these proteins, Spearman correlations with clinical parameters associated
with PE were explored for all PE patients (Table 3). The clinical parameters included
proteinuria and diastolic blood pressure, fetal birthweight and gestational age at
delivery, (Table 1). Interestingly, a positive correlation was found between the mother’s
BMI and serum FH concentration in the cohorts from Finland and Norway (Spearman r
=0.288; p = 8.6e-5 and r = 0.351; p = 0.024 respectively). However, no other consistent
significant correlations were found relating to PE symptoms or other relevant clinical
parameters. Further analyses were performed on subgroups of PE patients based on
time of disease onset or presence of fetal growth restriction (FGR) (Table 4). Early onset
of PE (gestational age below 34 weeks) was associated with decreased FH concentration
compared to late onset, this difference was significant in cohorts from Finland and
Norway, while a similar trend was observed in the cohort from the Netherlands. PE

with FGR was associated to higher serum levels of anti-FH antibodies compared
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to preeclampsia with normal fetal growth, but this difference was only statistically

significant in the cohort from the Netherlands.

Table 4. Analysis of complement factors C1q, FH and autoantibodies in subgroups based on early
onset of disease or presence of fetal growth restriction. Medians of each groups are indicated,
together with significance as determined with Mann-Whitney test. Early onset was defined
as gestational age at delivery below 34 weeks; fetal growth restriction (FGR) was defined as
gestational age-adjusted birthweight up to percentile 10 (of growth curve for respective country).

The Netherlands Finland Norway
Early (n =50) vs late p-value Early (n=36) vslate p-value Early (n=33)vslate p-value
(n =13) onset PE (n = 145) onset PE (n =12) onset PE
Anti-Clq 4.75-5.00 0.407 7.95-7.10 0.198 4.60 - 4.90 0.854
Clq 265 - 225 0.753 165-162.6 0.881 155-150 0.608
Anti-FH 56.7-37.3 0.122 35.2-35.2 0.194 35.2-35.2 0.392
FH 276 — 306 0.537 322.5-354 0.019 306 - 381 0.001
The Netherlands Finland Norway
PE with (n=17)vs p-value PEwith(n=84)vs p-value PEwith(n=33)vs p-value
without (n = 46) FGR without (n = 97) FGR without (n = 12) FGR
Anti-Clq 4.60-4.95 0.715 7.40-7.10 0.294 4.50-5.70 0.391
Clq 257 -256 0.772 166.8 — 155.9 0.119 159 - 146 0.377
Anti-FH 79.0-41.9 0.029 35.2-35.2 0.369 35.2-35.2 0.253
FH 282 -277 0.936 344.5-354 0.222 318 -363 0.255
Discussion

In the current study, we investigated the relation between the pregnancy complication
PE and the circulating levels of complement factors C1q and FH, as well as autoantibodies
against these factors. We observed that the presence of autoantibodies against C1q or
FH is not associated with PE. Circulating C1q and FH levels were higher in pregnant than
in nonpregnant women. Decreased serum concentrations of FH were associated with
PE, while this was not the case for serum Clqg concentrations. Serum FH levels were
lower in the subset of PE cases with earlier onset, compared to late onset cases.

Although the etiology of PE remains unclear, multiple immune mechanisms have been
proposed to play a role, as the placenta constitutes a unique immune environment.
Differentially expressed levels of fetal Human Leukocyte Antigen (HLA), especially HLA-G,
immune cell influx and cytokine expression have been reported in preeclamptic placentas
[26-30]. Complement has also been implicated in the development of PE. Our data now
add to this understanding that the circulating levels of the endogenous complement
inhibitor FH are decreased in PE. Several studies linked anti-Clq autoantibodies to
various negative pregnancy outcomes, but not to PE [20-23]. The current study reinforces

that the presence of anti-Clq does not associate with PE. Likewise, no evidence for a
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link between anti-FH and PE was observed. These results contradict the hypothesis of

a contribution by complement dysregulation by autoantibodies to development of PE.

Clqg has multiple functions during pregnancy, e.g. in angiogenesis, tissue remodeling
and clearance of cellular debris. These functions are supported by the ability of Clq
to recognize exposed or altered self-structures, facilitating clearance without overt
inflammation [31]. Next to observations in human pregnancy, data from experiments
in mice indicate a key role for C1q in placentation as the litter size in C1q deficient mice
is smaller as compared to wild-type mice [7]. The notion that Clq plays an important
role in pregnancy fits with our finding of increased Cl1q levels in pregnant women, both
complicated and control, as compared to nonpregnant women. Especially the role Clq
plays in the clearance of apoptotic cells and debris is postulated to be important in the
case of PE. Fragments of apoptotic syncytiotrophoblast from the placenta may enter the
maternal circulation and the complement system assists in clearing these fragments by
labelling them for phagocytosis. One previous study showed decreased C1q in severe
PE cases, however this is contradicted by our finding that there was no difference in Clq

levels between PE patients and controls [32].

In a prospective study increased FH and C1q levels were reported in maternal plasma of
later PE patients relative to controls at 6 to 13 weeks of pregnancy [33]. However, these
differences were not observed in the second and third trimesters. The current study
investigated only third trimester samples and will therefore have missed differences in
complement protein levels in the first trimester. However, the current study does find
a difference in third trimester serum FH level, which was not observed in the previous

study by He and colleagues.

The balance between complement activation and regulationis keyin a healthy pregnancy,
which is substantiated by findings that FH levels increase during pregnancy [32, 34]. This
conclusion is corroborated by our results where women with control pregnancies had
higher serum FH concentration than nonpregnant women. Abnormalities in activating
and regulating components of the alternative complement pathway have been reported
in PE. Multiple investigations found increased levels of activation fragment Bb in PE cases,
indicating higher than normal alternative pathway activation [35, 36]. Another study
found increased Bb as well as decreased FH levels in PE patients, although this study
was limited by relatively small samples size and a focus on only severe PE cases [32].
Additionally, genetic variants in genes encoding the regulators Factor | and membrane
cofactor protein, but not FH, were linked to PE [37]. This trend of disbalance of the
alternative pathway in PE is supported by our finding that FH concentration is decreased
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in PE patients. As the main fluid-phase complement regulator FH is conceivably of key
importance in preventing or limiting C1q driven complement activation in the placenta.
Aberrant FH levels or disturbed FH function would then result in the increased levels of

complement activation as reported for PE.

Early onset PE cases showed lower FH concentration than late onset cases, implying
that early onset cases were driving the lower FH concentration found in the general PE
group compared to control pregnancies. This may also explain why FH concentration
was not significantly lower in the cohort from Finland, as there were relatively fewer
early onset cases in this cohort than in cohorts from the Netherlands and Norway. The
larger variety in sampling timepoints in the Finnish cohort could also be involved. This
study also investigated relations between the experimental data and relevant clinical
parameters related to PE. No consistent significant correlations were found, indicating
that within the PE pregnancies FH is not correlated with more severe disease. The
observed correlation between BMI and FH is in line with earlier links found between FH
and BMI [38, 39].

The strengths of the current analysis include the side-by-side comparison of three
independent well-documented European cohorts, together comprising sizable numbers
of cases and controls. In addition, all measurements were performed in the same lab
with the same assays. Moreover, the current study also investigated correlations with
several clinical parameters that could indicate severity of PE. The weaknesses of the
study include the not completely identical sampling time points in the cohorts as
samples in the Netherlands and Norway were collected on the day of delivery, while
samples in Finland were mainly (74%) collected before the day of delivery, with an
interval up to 31 days. Sample collection and processing may possibly have led to some
in vitro complement activation. Importantly, such pre-analytical steps may impact on
hemolytic activity of complement activity of samples or on complement activation
fragments but does typically not impact on complement protein levels as measured
by sandwich ELISA. If such effect may be present in a subset of the samples, then this
is at least partially mitigated by the fact that samples for PE and controls were handled
similarly. Furthermore, the focus on systemic levels in this investigation may not be
fully representative of local effects in the placenta, leaving the question of cause and
consequence in the etiology of PE open.

In conclusion, circulating levels of anti-FH and anti-Clqg are not associated with the
occurrence of PE. Circulating levels of C1q and FH are increased in healthy pregnancies

as compared to nonpregnant controls. Importantly, circulating levels of FH are
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decreased in PE as compared to control pregnancy. Exactly how Clq is involved in the
processes of placentation and pregnancy as a whole is still under investigation, but a key
aspect appears to be that C1q is mediating its effect in the absence of clear complement
activation [9]. C1q deficiency is strongly associated with autoimmune disease SLE, as
a result of insufficient cellular waste clearance [40]. The increased Clq levels found
during pregnancy could be a way to avoid accumulation of waste from placental
remodeling. Upregulation of FH during healthy pregnancy could be a way to counteract
excess complement activation, but FH has also been shown to promote a tolerogenic
phenotype in dendritic cells, hinting at a noncanonical function for FH [41]. Failure
to increase FH level during pregnancy may therefore result in insufficient immune
regulation contributing to development of PE. Further research will have to disclose
what share of PE etiology can be ascribed to a disrupted equilibrium of complement
activation and regulation.
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Chapter 5

Introduction

Systemic sclerosis (SSc) is a rheumatic disease characterized by fibrosis in the skin
and internal organs, including the lungs, kidneys and gastrointestinal tract, as well as
microvascular injuries [1]. Deaths related to SSc are mostly attributed to involvement of
the lungs and the heart, with pulmonary fibrosis and pulmonary arterial hypertension
(PAH) being the most common lung conditions associated with SSc [2]. Although the
disease mechanism is not fully understood, it is clear that the pathogenesis of SSc
involves a considerable immune component as evidenced by the presence of antinuclear
autoantibodies (ANA) in the vast majority of patients [3]. ANA prominently target
centromere proteins, topoisomerase and RNA polymerase lll, and are often used as
predictors of disease outcome and organ complications [4]. Recently, autoantibodies
targeting complement component C1q were suggested to be predictive of pulmonary
fibrosis or PAH [5]. As it would be highly desirable to have a biomarker for the most severe

clinical presentation of SSc, we set out to replicate these findings in a Dutch cohort.

Materials & methods

In this study, sera of 188 patients with SSc and 80 healthy controls were tested for the
presence of anti-C1q autoantibodies. Patients were mostly female (149 of 188, 79%) and
the median age was 56.6 years (interquartile range 46.8—65.5). Diffuse cutaneous SSc was
present in 39 patients (21%). All patients fulfilled the American College of Rheumatology/
European League Against Rheumatism 2013 SSc criteria, had a clinical diagnosis of SSc, and
were included in the Combined Care in SSc cohort at Leiden University Medical Center [6].
Serum samples originated between 2012 and 2018. Presence of anti-C1q autoantibodies
was determined in all sera by QUANTA Lite Anti-C1q ELISA (Inova Diagnostics, San Diego,
CA, USA), using the cutoff for positivity of 20 units as recommended by the manufacturer.

Results & conclusion

In total, 21 (11%) patients with SSc and 10 (13%) healthy controls were assessed
as positive for anti-Clg autoantibodies (Figure 1A). The prevalence of anti-Clq
autoantibodies in healthy controls is not unexpected, as previous studies have reported
frequencies between 2% and 13.5% [7, 8]. We compared the occurrence of several
clinical parameters, including interstitial lung disease (ILD) assessed with high-resolution
computed tomography, ILD combined with a forced vital capacity (FVC) below 80% of
predicted, and PAH, between anti-C1g-positive and anti-C1g-negative patients with SSc.
PAH was defined as a mean pulmonary arterial pressure > 25 mmHg at rest as assessed
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by right heart catheterization (RHC), including presence of precapillary pulmonary
hypertension, defined by a pulmonary capillary wedge pressure < 15 mmHg, and a
pulmonary vascular resistance > 3 Wood units on RHC. All patients with suspicion for
PAH were referred for RHC. No significant differences were observed in the incidence of
these SSc-related lung conditions between the patients who were anti-C1q positive or
negative (Figure 1B).
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Figure 1. Anti-Clq in systemic sclerosis. (A) Anti-Clg autoantibodies in healthy controls and
patients with systemic sclerosis, with the cutoff for positivity (20 units) indicated by the dotted
line. (B) Percentage of diffuse cutaneous disease, presence of anti-topoisomerase antibodies
(ATA) and anti-centromere antibodies (ACA), interstitial lung disease (ILD), clinically relevant
ILD and pulmonary arterial hypertension (PAH) within anti-C1g-positive and anti-C1g-negative
patients. FVC, forced vital capacity.

Diffuse cutaneous disease was present in 33 of 167 (20%) anti-C1lg-negative patients
and in six of 21 (29%) anti-C1g-positive patients, a nonsignificant difference. Presence
of anti-topoisomerase antibodies (ATA) and anti-centromere antibodies (ACA) was
determined as part of diagnostics, with ATA often correlating with more severe disease.
Interestingly, ATA were present at a higher rate in anti-Clg-positive patients (13 of
21, 62% vs 32 of 167, 19% in anti-C1q negative patients; p < 0.001), while there was
no significant difference for ACA. Moreover, anti-Clq autoantibodies were found at a
higher frequency in male than in female patients (nine of 39, 23% vs 12 of 149, 8%; p
=0.008).

The original study into anti-Clq autoantibodies in SSc found significantly more
pulmonary fibrosis (55% vs 28.8%) and more diffuse cutaneous SSc in anti-Clg-
positive than anti-Clg-negative patients [5]. These findings suggested more severe
disease in anti-C1g-positive patients. While in the present study ILD was found to be
somewhat enriched in anti-C1g-positive patients (11 of 21, 52% in anti-Clg-positive
patients vs 71 of 167, 43% in anti-C1g-negative patients), this finding held no statistical
significance. When investigating clinically relevant ILD (combined with FVC < 80%), the
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prevalence was even lower in anti-C1qg-positive patients, and the same holds true for
PAH. Furthermore, the observed association of anti-Clq with ATA, which is already
reported to associate with lung complications, would detract from any added value
of anti-Clq in SSc diagnostics. We therefore conclude that the presence of anti-Clq
autoantibodies in our Dutch cohort is not correlated with SSc-related lung conditions.
The aforementioned differences could be related to nonidentical patient populations in
the respective studies. Compared with Liaskos et al., the current study includes a higher
number of patients with SSc and a higher prevalence of ILD, but lower percentages of
patients with diffuse cutaneous SSc and PAH [5]. Nonetheless, the present study does
not support a prognostic value for anti-C1lq autoantibodies in SSc or its related lung

conditions.
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Chapter 6

Abstract

Autoantibodies directed against complement component C1q are commonly associated
with autoimmune diseases, especially systemic lupus erythematosus. Importantly, these
anti-C1q autoantibodies are specific for ligand-bound, solid-phase C1q and do not bind
to fluid-phase C1q. In patients with anti-C1q, C1q levels are in the normal range, and the
autoantibodies are thus not depleting. To study these human anti-Clq autoantibodies
at the molecular level, we isolated Clg-reactive B cells and recombinantly produced
nine monoclonal antibodies (mAbs) from four different healthy individuals. The isolated
mAbs were of the IgG isotype, contained extensively mutated variable domains, and
showed high affinity to the collagen-like region of Clqg. The anti-C1q mAbs exclusively
bound solid-phase Clqg in complex with its natural ligands, including immobilized or
antigen-bound IgG, IgM or CRP, and necrotic cells. Competition experiments reveal
that at least 2 epitopes, also targeted by anti-C1q antibodies in sera from SLE patients,
are recognized. Electron microscopy with hexameric 1gG-Clg immune complexes
demonstrated that multiple mAbs can interact with a single C1q molecule and identified
the region of Clq targeted by these mAbs. The opsonization of immune complexes with
anti-C1q greatly enhanced Fc-receptor-mediated phagocytosis but did not increase
complement activation. We conclude that human anti-C1q autoantibodies specifically
bind neo-epitopes on solid-phase Clq, which results in an increase in Fc-receptor-
mediated effector functions that may potentially contribute to autoimmune disease

immunopathology.

Significance statement

Autoantibodies against complement component Clg are associated with several
autoimmune diseases. These autoantibodies specifically bind to ligand-bound,
solid-phase Clq, but not fluid-phase Clq. We identified nine human anti-C1q clones
from healthy individuals and produced them recombinantly. We found that these
autoantibodies recognize the collagen-like region of solid-phase Clqg, when Clq is in
complex with a range of its natural ligands. Electron microscopy revealed that multiple
antibodies bind a single C1qg molecule and further identified the region of C1q targeted
by these mAbs. Binding of anti-C1q does not increase complement activation onimmune
complexes; however, we demonstrated that anti-C1q autoantibodies bound to solid-
phase Clq can activate immune cells by engaging Fc-receptors. Anti-C1q autoantibodies

may thereby contribute to pathological processes in autoimmune disease.
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Introduction

The complement system plays an important role in both innate immune defense and the
development of adaptive immune responses. In addition, complement is involved in the
clearance of immune complexes, cellular debris, and tissue remodeling [1]. In the classical
pathway of complement activation, the recognition molecule Clqg binds a wide array of
ligands, including target-bound immunoglobulins (Ig) and C-reactive protein (CRP), which
trigger the activation of the C1 enzymes Clr and Cl1s and propagation of the complement
cascade. The function of C1q in normal physiology is underscored by the clinical presentation
of C1g-deficient patients with infections and systemic lupus erythematosus (SLE)-like disease
[2]. Excessive complement activation is thought to be a major pathological mechanism of

several rheumatic autoimmune diseases including SLE [3].

Autoantibodies targeting specific complement proteins have been detected in several
autoimmune disorders [4]. Anti-C1q autoantibodies have been found to be prevalent
in hypocomplementemic urticarial vasculitis syndrome (HUVS; 100% of the patients)
and in SLE (around 40% of the patients)(reviewed in refs. [5, 6]). In SLE, the presence
of anti-C1qg autoantibodies is associated with lupus nephritis [7-9]. Interestingly, anti-
Clq autoantibodies are also present in a substantial fraction of the healthy population,
indicating that anti-C1q autoantibodies may only be pathogenicin certain circumstances
[10, 11]. Indeed, experiments in mice indicate that anti-C1q autoantibodies only induce
damage to the kidney when C1q is already present on deposited immune complexes
[7]. Anti-Clq autoantibodies are measured in routine diagnostics, but require tailored
experimental conditions to avoid binding of immune complexes to the immobilized
Clq [12]. The detection of anti-Clq autoantibodies is therefore performed in buffers
containing a high concentration of NaCl, as this prevents ligand binding of Clq, while
largely retaining the binding of anti-C1q autoantibodies [13].

The molecular characteristics of anti-Clq autoantibodies are currently unknown, but
studies on patient sera indicated a specificity for solid-phase C1q [14]. The term solid-
phase Clq is used in the literature to describe C1q bound to any ligand or surface [14].
During complement initiation, C1q undergoes a conformational change upon binding to
its ligands, which reveals neo-epitopes to which antibodies specific for solid-phase Clq
can bind [15] (Figure 1A). Several studies using serum from SLE patients have reported
that anti-C1q autoantibodies mainly target the collagen-like region (CLR) as opposed to
the globular head (GH) domains [16, 17]. A few reports described that autoantibodies
against GH polypeptides can also be present in some individuals [18, 19], and another
report described epitope mapping using linear peptides [20].
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Figure 1. Human solid-phase Clq autoantibodies were cloned from several healthy donors. (A)
Anti-C1q antibodies do not bind to fluid-phase C1q (Left) but do bind to solid-phase Cl1q (Right),
which is the conformation C1q adopts upon binding to a ligand or surface. (B) Schematic overview
of the staining complex used for sorting anti-Clg-specific B cells. C1q (green) is in a solid-phase
conformation in complex with hexameric anti-DNP IgG (dark blue), which binds fluorescently
labeled streptavidin via a DNP- and biotin-containing peptide (light blue). Streptavidin was
labeled with either PE (yellow) or AlexaFluor647 (red). (C) Anti-C1lq levels of selected healthy
donors and SLE patient sera (open circles represent donors from whom anti-C1q mAbs were
successfully isolated). The dotted line marks cut-off for positivity according to the manufacturer
of the kit (QUANTA Lite Anti-C1q ELISA; Werfen). (D) Dose—response for recombinant mAb—biotin
for binding to C1q assessed in homemade C1g-coated ELISA, detected with streptavidin-HRP. (E)
Binding of 2 pg/mL anti-C1q mAb to well-known ligands of polyreactive mAbs, chimeric anti-DNP
IgG1 (clone G2a2) was used as control mAb. For panels (D) and E, a representative of at least two
independent experiments was shown.
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Most studies characterizing anti-C1lq autoantibodies have focused on polyclonal
antibodies from serum of human donors, either patients or healthy individuals. An
investigation into monoclonal human anti-Clqg to analyze anti-Clq autoantibody
responses on a molecular and functional level is therefore warranted. We set out to
isolate single anti-C1g-positive B cells, clone them, and recombinantly produce human
monoclonal antibodies (mAbs). In total, we generated nine anti-Clg human mAbs,
recognizing two distinct epitopes on the CLR of solid-phase C1g. We demonstrate that
the epitopes targeted by the anti-Clg mAbs constitute the same epitopes targeted
by anti-Clq autoantibodies present in SLE sera. Our study may lead to diagnostics
or therapeutics for the treatment of complement-mediated inflammatory and
autoimmune diseases and may provide insight into the immunopathological processes

that drive lupus nephritis.

Results

Isolation of anti-C1qg-positive B cells from peripheral blood

To select possible donors for Clg-reactive B cells, sera from healthy donors and SLE
patients were screened for the presence of anti-C1q autoantibodies. We identified five
healthy donors and 11 SLE patients with anti-C1q autoantibodies, who were used for
isolating B cells (Figure 1C). Single B cells from these anti-C1q positive donors were FACS
sorted for C1q reactivity using soluble immunocomplexes presenting C1q in solid-phase.
Therefore, the cells were stained using C1g bound to pre-formed IgG hexamers against
DNP which were detected with DNP-biotin in complex with either PE or AlexaFluor647.
We sorted the cells double positive for PE and AlexaFluor647. Sorted cells were cultured
and supernatant was screened for anti-C1q IgG, resulting in the successful identification

of nine unique anti-C1q mAbs from healthy donors.

Variable domains of anti-C1qg mAbs were sequenced and analyzed in IMGT V-quest to
determine mutational load and V(D)) gene usage. The number of mutations in the V
genes (up to 37) suggests that several of the isolated anti-Clq mAbs had undergone
substantial somatic hypermutation (Table 1). The antibody variable domain analysis
showed diversity in putative V(D)J gene usage, even between clones isolated from the
same donor. Only mAbs 4D2 and 4E6 from donor 2 were highly similar and likely derived

from a common ancestor B cell.
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Table 1. Genetic characteristics of human anti-C1q mAbs as analyzed by IMGT V-quest [21]. CDR3,
Complementarity-Determining Region 3; AA, amino acid.

Heavy Chain

Clone Donor V-gene V-gene V-gene D-gene  J-gene CDR3 AA sequence

name mutations identity (%)

2D2 1 IGHV3- 14 95.14 IGHD6- IGHJ6*02 F ARGPHISSWFSDYSYAMDV
74*03 F 13*01F

1F4 2 IGHV3- 37 87.2 IGHD3- IGHJ4*02 F ARGDCGDVTCSLDS
30*01F 16*01 F

4C11 2 IGHV1- 3 99.0 IGHD3- IGHJ6*02 F AKISAIFGVVQSGYYYYGMDV
8*01F 3*%01F

4D2 2 IGHV1- 37 87.2 IGHD3- IGHJ3*01 F ARVNNANFYDRNGYFEGRTRTEAFDF
18*01F 22*01F

4E6 2 IGHV1- 35 87.9 IGHD3- IGHJ3*01 F ARVNNADYYDSSGYFQGRTRTEAFDF
18*01F 22*01F

4F5 2 IGHV4- 10 96.5 IGHD3- IGHJ6*02 F ARERGGHYYEDIGYYGDPGMDV
34*01 F 22*01F

1F5 3 IGHV1- 34 88.2 IGHD6- IGHJ4*02 F SINSQLAY
18*01F 6*01 F

3C3 4 IGHV4- 16 94.5 IGHD4- IGHJ4*02 F ASQRDHGDYVRGPDY
39*01 F 17*01F

12F6 4 IGHV3- 1 99.7 IGHD1- IGHJ3*02 F ARISLVEWELAGYDAFDI
21*02 F 26*01 F

Light Chain

Clone Donor V-gene V-gene V-gene kappa/ J-gene CDR3 AA sequence

name mutations identity (%) lambda

2D2 1 IGKV2- 3 99.0 kappa 1GKJ1*01 F MQALQTPPA
28*01 F

1F4 2 IGLV2- 23 92.0 lambda IGLJ1*01 F CSYGDRNPFV
11*01F

4C11 2 IGKV2- 4 98.6 kappa 1GKJ1*01F MQALQTPKT
28*01 F

4D2 2 IGLV2- 14 95.1 lambda IGLJ1*01F SSYSSLSPCV
14*01F

4E6 2 IGLV2- 18 93.8 lambda IGLJ1*01 F SSYTSLTPCV
14*01F

4F5 2 IGKV3- 8 97.2 kappa IGKJ4*01F QQYGSSPRN
20*01F

1F5 3 IGKV2- 15 94.9 kappa IGKI1*01F MQGTHWPRT
30*01 F

3C3 4 IGLV1- 13 95.5 lambda IGLJ2*01 F QSYDSNLSVV
40%01 F

12F6 4 IGLV1- 0 100 lambda IGLI2*01 F AAWDDSLSGVV
47*01 F

Anti-Clg mAbs were expressed recombinantly in the eukaryotic Expi293 expression

system and purified for further analysis. Binding of the mAbs in Clg-coated enzyme-

linked immunosorbent assay (ELISA) varied greatly, with more than 100-fold difference

in mAb binding to C1q comparing the strongest and the weakest binder (Figure 1D).

To exclude the possibility that the selected mAbs were polyreactive, binding to several

well-known targets of (polyreactive) autoantibodies was tested in ELISA. For all anti-C1q
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mADbs, no binding to single-stranded DNA, lipopolysaccharide (LPS), insulin, or BSA was
observed, indicating specificity of these mAbs to C1q (Figure 1E). The avidity of isolated
mAbs to C1q was quantified by surface plasmon resonance (SPR). Using solid-phase Clq
on the chip and flowing the antibodies in fluid-phase, we observed a strong avidity with
KD values of 6 to 23 nM (Table 2).

Table 2. Avidity of mAbs for C1q as determined by surface plasmon resonance.

mAb K, (M) k, (1/Ms) k, (1/s)

1F4 8.1x 10° 1.4 x 10° 1.1 x 103
1F5 2.2x10% 1.1 x10° 2.4%x 103
2D2 2.0x10% 9.7 x 10* 2.0x 103
33 2.0x10° 6.3 x 10° 1.2x10%
4ac11 2.3x10° 1.8x10° 43x10°
4D2 2.3x10° 9.9 % 10° 2.3x 107
4E6 2.1x10° 1.4x10° 2.9x 107
4Fs 6.0x10° 1.4x10° 8.4 % 10*
12F6 2.3x10° 6.6 x 10° 1.5x 103

Human monoclonal anti-C1q autoantibodies bind selectively to solid-
phase Clq

Asanti-Clqg autoantibodies detectable in the serum of healthy individuals and autoimmune
patients are hypothesized to be specific for solid-phase Clq, binding of mAbs to coated,
solid-phase Clq in the absence or presence of fluid-phase C1q was analyzed by ELISA. Use
of 20 ug/mL purified C1q as a competitor did not yield any notable inhibition of mAbs
binding to solid-phase C1q (Figure 2A). Adding normal, Clg-containing, serum also did
not result in inhibition for the majority of mAbs. Only four of the mAbs, most notably
mAb 4F5, were partially inhibited by Clq in serum at high (25%) concentration (Figure
2B and 2C). Neither the full C1qr2s2 complex (denoted C1 hereafter), nor C1g-depleted
serum inhibited binding of the anti-C1q mAbs (Figure 2D). Mouse mAb 4A4B11, which is
not specific for solid-phase Clq, was strongly inhibited by fluid-phase C1q as expected.

Finally, we studied the preferential binding of anti-C1q mAbs to solid-phase Clq in detail,
without potential interference of bivalent binding or Fc-mediated Clq interactions. For this
purpose, we engineered antibodies for mAbs 1F4, 1F5, and 4F5 with an Fc domain with
mutations that abrogate C1q binding and that contain only a single C1g-binding Fab arm.
In ELISA, binding of these anti-C1q mAbs to coated solid-phase Clq was analyzed in the
presence of equal amounts of either fluid-phase C1q or C1q on beads (solid-phase). Binding
for all three mAbs was significantly inhibited only by C1q on beads, but importantly not by
fluid-phase Clqg or by human albumin on beads or in fluid-phase (Figure 2E). Altogether,
these anti-C1qg mAbs show a strong selectivity toward binding to solid-phase C1q.
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Figure 2. Binding of anti-C1g mAbs in ELISA in the presence of fluid-phase and solid-phase C1q. (A)
Fluid-phase C1q competition measured in ELISA for all mAbs at a concentration at the top of the linear
range for the specific mAb, to ensure competition could be detected optimally. Mouse mAb 4A4B11,
which binds C1q but is not specific for solid-phase C1q, was included as a control. The measurements
were performed at mAb concentrations of 160 ng/mL (1F5, 4F5, mouse mAb 4A4B11), 640 ng/mL
(3C3,4D2, 4E6), 2,560 ng/mL (1F4, 2D2, 4C11), or 10,240 ng/mL (12F6). Data shown are representative
for two independent experiments. (B and C) Example titrations of competition assay with fluid phase
purified C1q or NHS, for mAbs 1F5 (which shows no competition from high-concentration fluid-phase
Clqg) and 4F5 (which shows some competition from 25% NHS). (D) Competition with fluid-phase
purified C1 or C1q, NHS, or C1g-depleted serum for selected anti-C1q mAbs 1F5, 4F5 and mouse mAb
4A4B11. (E) Anti-C1g mAb binding (monovalent with inactive Fc domain) to the Clg-coated ELISA
plate is inhibited by solid-phase C1q on beads, but not by an equal amount of fluid-phase Clg. Data
shown are representative for two independent experiments; bars indicate means and error bars
indicate SDs. One-way ANOVA with Dunnett’s multiple comparison test, compared to no competition;
ns, not significant; *** p < 0.001; **** p < 0.0001. NHS, normal human serum.
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Human anti-C1q mAbs recognize C1q bound to a range of its natural
ligands

Next, we studied binding of the panel of anti-C1g mAbs to C1q bound to a number of
its natural ligands, including IgG, IgM, and CRP, in ELISA (Figure 3A). Binding of anti-Clq
mAbs to Clg was detected on all of these ligands, providing evidence that anti-Clq
mAbs recognize C1q in its native ligand-bound conformation. To examine the interaction
of anti-C1q mAbs with Cl1q in a physiologically relevant cellular environment, binding on
IgG-opsonized cells and necrotic cells was assessed. Alemtuzumab, a therapeutic anti-
CD52 mAb, was chosen for its potent ability to induce classical pathway complement
activation. The anti-Clg mAbs indeed exclusively bound to alemtuzumab-opsonized
PBMCs in the presence of Clq (Figure 3B). Apoptotic and dead cells are known to be
bound by Clqg, which improves clearance of these cells by phagocytosis [22]. Several
anti-C1g mAbs showed binding to Clq on necrotic cells, especially the mAbs with the
highest avidity in earlier ELISA experiments, i.e., 1F4, 1F5, and 4F5 (Figures 1D and 3C).
On western blot, unheated Clq, was detected by all anti-C1g mAbs, in contrast to heat-
treated Clq (both reduced and non-reduced) (Supplementary Figure 1). This indicates
that the epitopes on Clq also become exposed in immobilized Clq in this context, but

are destroyed upon heat denaturation.

Human anti-C1q autoantibodies target multiple epitopes on the
collagen-like region of Clq

To investigate the C1g domains and epitopes that are targeted by these anti-C1q mAb,
binding competition between mAbs was explored in ELISA (Figure 4A). While all anti-Clq
mAbs display the expected self-inhibition, each mAb show different levels of inhibition
with the other mAbs. Two distinct groups of mAbs could be discerned, competing with
each other but not with mAbs from the other group. Both groups consist of mAbs from
multiple donors, while each group contains at least one mAbs originating from donor
2, showcasing diversity of targeted epitopes within one individual. These data provide
evidence for at least two different epitopes on Clq that are recognized by human anti-

Clq autoantibodies.

The binding sites for our anti-C1q mAbs were compared with anti-C1q from SLE patients.
To this end, antibodies from serum of three SLE patients (SLE A, B, and C) were purified
on protein A, and competition for binding to C1q between mAbs and SLE antibodies was
evaluated (Figure 4B). Competition patterns were clearly split between the two groups

identified in mAb—mAb competition. Epitopes targeted by SLE A and SLE B overlap with
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epitopes of mAbs 1F4, 1F5, 3C3, and 12F6, while SLE C antibodies compete with mAbs
2D2,4C11,4D2, 4E6, and 4F5. Each anti-C1g mAb was inhibited by the presence of at least
one of the polyclonal SLE antibody mixes, showcasing that our anti-C1q mAbs target the

same or similar epitopes as anti-C1q autoantibodies in SLE patients.
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Figure 3. Binding of human anti-C1q mAbs to Clq on various ligands and surfaces. (A) Binding
of anti-C1g mAbs to C1q on coated IVIG, IgM, and CRP in ELISA. (B) Binding of anti-C1q mAbs to
alemtuzumab-opsonized PBMCs in flow cytometry, in the presence and absence of Clg. Anti-
DNP was included as a negative control which does not bind C1q. (C) Binding of anti-C1q mAbs to
necrotic PBMCs in flow cytometry, in the presence and absence of C1qg. Anti-DNP was included
as a negative control which does not bind C1q. All data shown are representative for at least
two independent experiments. In panels (B and C), the geometric mean of fluorescence intensity
(gMFI) and SD of triple measurements is indicated.

Additionally, a mixture of mAbs 1F4, 1F5, 4D2, and 4F5 showed near-complete inhibition
of anti-Clq binding from purified SLE antibodies (Supplementary Figure 2). These data
further indicate that in several anti-C1qg-positive SLE patients, there is no anti-C1q reactivity
present which is not covered by the set of anti-Clg mAbs presented in this manuscript.
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A screening of linear peptides with a length of 21 amino acids, covering all three chains
of the C1q protein, revealed that none of the anti-C1q mAbs recognized a linear peptide
(Supplementary Figure 3). In order to map the binding of anti-C1q mAbs to the different
regions of the C1g molecule, binding to CLR and recombinant GH domain was evaluated
(Figure 4C). All anti-C1g mAbs evidently bind to the CLR and not the GH when tested in
ELISA, with the exception of mAb 12F6, which only bound to full Clg.

A B

No comp.

No comp.

SLE A

SLE B 60
SLEC 40
Controls
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1F4 1F5 3C3 12F6 2D2 4C11 4D2 4E6 4F5
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1F4-biotin:
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1F4 1F5 2D2 3C3 4C11 4D2 4E6 4F5 12F6 MsAb

Figure 4. Determination of Clq epitope targeted by human anti-C1q mAbs. (A) Competition for
binding to Clg-coated ELISA, between human anti-C1q mAbs, and with unrelated mouse anti-
C1lg mAb 4A4B11. The average percentage residual signal compared to no competition from two
independent experiments is indicated in the heatmap. (B) Competition for binding to C1g-coated
ELISA, between biotinylated anti-C1q mAbs and polyclonal anti-C1q antibodies from SLE serum,
the percentage residual signal compared to no competition is indicated in the heatmap. Data
are representative of two independent experiments. (C) Anti-C1g mAb binding to full Clq, Clq
collagen-like region (C1q CLR), and Clq (recombinant) globular head (C1q GH) domains in ELISA;
signal is normalized to 100% for binding to full C1g; mean and SD are shown. Ms Ab is mouse mAb
4A4B11; data shown are representative for three independent experiments.

Electron tomographic imaging of anti-C1q bound to Ig-C1q complexes

In order to visualize the binding of anti-Clg mAbs to immune complexes with Clq,
we used electron tomography. For the electron microscopy studies, a monovalent,
Fc-inactive variant of the anti-C1q mAb 1F5 was used to avoid C1g—Fc interaction and
bivalent binding. First, anti-C1g mAb binding to C1g—(IgG)6 complexes was visualized
using negative stain electron tomography (Figure 5A). C1g—(IgG)6 complexes could be
directly interpreted in the tomographic slices. However, since the anti-Clq antibodies
bound to more than one binding site per complex and the whole complex is highly
flexible, it was not straightforward to visualize anti-C1q antibody molecules directly. As

a metric to determine where anti-C1q IgG were located, we masked a circular region
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of 26 nm, corresponding to the approximate diameter of the C1g—(IgG)6 complex, and
any additional density bound to, but outside of, this region was interpreted as an anti-
Clg mAb (Figure 5B). These data were used to build molecular models of the Clg—
(IgG)6—anti-Clg complexes, which could be overlaid with the tomographic slices to aid
interpretation (Figure 5C).

We observed multiple anti-C1q antibodies bound per complex, located at the periphery
of the C1g—(IgG)6 complex. These observations demonstrate the presence of multiple
epitopes of a monoclonal autoantibody on each Clqg protein. Interestingly, although
anti-C1g mAbs recognize an epitope in the CLR of C1q, we could observe that they bind
in close proximity to the GH domains and not, as hypothesized beforehand, to the top
stalk of the C1g molecule. These structural data provide important insights into the

molecular interaction between Clqg and Clq autoantibodies.

20 nm
Figure 5. Electron tomography images of C1q bound by anti-C1q mAb. (A) 4.5-nm thick negative
stain electron tomogram slices of hexameric anti-CD52 1gG-RGY, C1q, and monovalent, Fc-inactive
anti-C1g mAb 1F5. (B) Overlay indicating the complex of hexameric IgG and Clq (blue area) and
proposed location of anti-C1g mAb (yellow). (C) Overlay indicating the 1gG (red), C1q (blue), and

anti-C1qg mAb (yellow) complex model on top of negative stain tomographic slices for better
visualization (Scale bar, 20 nm).
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Anti-C1q mAbs increase Fc-receptor engagement, but not complement
activation, on immune complexes

We sought to understand the consequences of the presence of anti-C1q autoantibodies
on the activation of the immune system by Clg-containing immune complexes. When
anti-Clq binds to C1q on an immune complex, its Fc domain may add to the immune
response by increasing complement activation or by Fc-receptor engagement and
cell-mediated effector functions. Plate-bound 1gG complexes allow classical pathway
complement activation, in this case detected by C5b9 deposition with increasing serum
concentration between 0.5% and 4% normal human serum (NHS) (Figure 6A). From
this titration, we selected 1% NHS as a source of serum to further analyze whether the
presence of anti-C1g mAbs would impact on the degree of complement activation. The
presence of anti-C1q mAbs did not or only slightly increase complement activation, and
in the case of two of the mAbs, a significant decrease of C5b9 generation was observed
(Figure 6B).

When investigating Fc-receptor binding in the same context, deposited IgG complexes
interacted with FcyRllla. Importantly, when C1q was present on the hexameric IgG, the
binding of FcyRllla is highly impaired (Figure 6C). From the titration, we chose 3 ug/mL
of FcyRllla to analyze the impact of anti-C1qg mAbs. We observed that several anti-Clq
mAbs were able to increase FcyRllla binding on Clg-containing immune complexes by
20% to 60% (Figure 6D). Interestingly, anti-C1q mAbs 3C3 and 4F5 show the highest
FcyRllla binding, while also causing a decrease in complement activation of immune
complexes. Focusing on functional consequences of Fc-receptor binding by anti-Clq
mAbs, we investigated binding of IgM-coated beads opsonized with C1q by THP-1 cells
differentiated toward macrophages. In this setting, the binding of IgM-coated/Clq
opsonized beads is minimal, but addition of 1 pg/mL anti-C1g mAb increased binding
of the beads to the differentiated THP-1 cells as much as fivefold (Figure 6E). When Fc
receptors of cells are partially blocked by pre-incubating with an Fc receptor blocking
agent, inhibition of binding of opsonized beads is observed, confirming that this is an Fc
receptor—driven process (Figure 6F). In a similar fashion, we studied whether anti-Clq
mAbs could enhance phagocytosis of bacteria by human neutrophils. Staphylococcus
aureus was labeled with a monoclonal antibody targeting wall teichoic acid (WTA, an
S. aureus surface glycopolymer [23]. Specifically, we used anti-WTA IgG4 because this
isotype does not drive Fc-receptor-mediated phagocytosis directly but can interact
with Clq after introduction of hexamer-enhancing mutations [24]. Anti-C1q mAbs were
able to enhance phagocytosis of bacteria to various degrees after opsonization with an
antibody isotype that does not facilitate phagocytosis (Figure 6G). Anti-C1q mAbs thus
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do not notably enhance complement activation but highly enhance the capacity both

IgM- and IgG-opsonized and Clg-containing immune complexes to engage Fc receptors

and induce effector function.
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Figure 6. Anti-Clg mAbs stimulate Fc receptor engagement and phagocytosis, but not
complement activation. (A) Complement activation on hexameric IgG complexes with or without
extra Clq in ELISA was detected on the level of C5b9. On the basis of the NHS titration, we
selected 1% NHS for the following experiment to investigate the effect of anti-C1q mAbs. (B) C5b9
deposition on hexameric IgG complexes in ELISA, in the presence of different anti-Clg mAbs at
1% NHS. (C) Binding of biotinylated FcyRllla to hexameric IgG complexes with or without extra
Clq in ELISA, on the basis of the FcyRllla titration, we used 3 pg/mL FcyRllla in the following
experiment to investigate the effect of anti-C1q mAbs. (D) FcyRllla-biotin binds to hexameric IgG
complexes and different anti-C1g mAbs in ELISA. (E) PMA-differentiated THP-1 cells bind IgM-
coated/Clg-opsonized beads, in the presence of anti-Clq mAbs. (F) PMA-differentiated THP-1
cell interaction with IgM-coated/C1g-opsonized beads is inhibited by an Fc-blocking agent. (G)
Human neutrophils phagocytose Staphylococcus aureus bacteria opsonized with anti-WTA IgG4-
E430G and Clq, in the presence of anti-C1q mAbs. For B and D—F, mean and SD are shown; data
are representative for three experiments. For (B and D), each anti-Clqg mAb was compared to
anti-DNP with one-way ANOVA followed by Dunnett’s multiple comparisons test. * p < 0.05; ** p
<0.01; *** p < 0.001; **** p < 0.0001.
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Discussion

In the current study, we investigated the characteristics and functional properties of
human anti-C1q autoantibodies on a monoclonal level. Autoantibodies against C1lq are
present in several diseases such as SLE and HUVS but also in a substantial number of
healthy individuals [5, 6]. In SLE, the presence of anti-C1q autoantibodies is associated
with the development of lupus nephritis [9]. Experimental studies indicate that anti-C1q
autoantibodies contribute to renal disease only when there are C1g-containing immune
complexes in the glomeruli [7]. In this study, we have obtained a set of anti-C1qg mAbs
from healthy individuals and confirmed that these antibodies have a similar binding
profile as anti-C1q autoantibodies in SLE patients. The information obtained from the
analysis of the molecular properties of these anti-Clq autoantibodies sheds light on
a role of anti-Clq in healthy individuals as well as on a role for these antibodies in
pathological conditions such as lupus nephritis. Importantly, the molecular properties
of these anti-C1q autoantibodies may allow the development of specific therapeutic or

diagnostic tools.

We have obtained nine anti-C1g mAb, all derived from healthy individuals. Our attempts
to isolate anti-C1g-producing B cell clones from SLE patients were not successful, possibly
due to the immunosuppressive treatment that the patients received. To confirm that the
analysis of anti-C1q mAbs isolated from healthy donors is meaningful for the understanding
of anti-C1q antibodies in SLE, we performed competition experiments using purified I1gG of
anti-C1g-positive SLE patients. This confirmed that the anti-C1q mAbs isolated from healthy
donors indeed all target Clq epitopes that are also targeted by anti-C1q autoantibodies
present in SLE patients, underscoring the relevance of the identified anti-Clq mAbs. By
isolating only anti-C1q of the IgG isotype and producing it recombinantly in IgG1 subclass,
some information on the presence of various isotypes and subclasses may have been lost.
However, IgG is evidently the dominant isotype among anti-Clg autoantibodies in SLE
patients, while the subclasses 1gG1, 1gG2, and IgG3 are all regularly found [25, 26].

All anti-C1q clones were first identified using ELISA with anti-lgG detection and amplified
with primers specific for IgG. Therefore, the B cells producing these anti-C1lq in vivo must
have undergone class-switching to IgG. In B cells, class-switching and avidity maturation
often occur at the same developmental stage. Indeed, we observed high avidity of
anti-Clq for its antigen in SPR experiments. The range of binding strengths observed in
ELISA and cellular assays was not fully mirrored in the SPR results, where less variation
in avidity was detected. These differences may be explained by the different manner
of presenting solid-phase Clq or by the fundamental difference in techniques, as ELISA
requires interactions to resist multiple washing and incubation steps to be registered,
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whereas SPR does not and consequently measures more native-like interactions. These
steps in ELISA and cellular assays may work to amplify any differences in binding strength
[27]. Interestingly, class-switching and avidity maturation are both processes that only
commence in B cells if there is sufficient T cell help, indicating that in SLE patients and in
healthy controls, T cell help for C1g-reactive B cells must be present. Currently, there are
no studies into the nature of the T cell help. This would be highly interesting as the B cells
are reactive to a conformational epitope and the T cells will be reactive to a linear peptide
presented in human leukocyte antigen (HLA); this may be a C1q peptide or a peptide from
any protein in the C1g-containing immune complex.

In determining the epitope targeted by anti-C1q mAbs, we could classify our anti-Clq
mAbs in two groups based on competition assays. All but one anti-C1qg mAb bound to
Clq CLR almost as strong as to full C1qg. The binding to C1q CLR is in accordance with
earlier studies on anti-C1g-antibody-positive sera [28]. The presented slices through
electron tomographic volumes indicate binding of anti-C1qg mAb 1F5 to an epitope on
the CLR close to the GH domain of C1q. While no exact epitope could be determined,
this experiment contributes to identifying one of the regions of C1q targeted by human
anti-C1q autoantibodies. The location of antibody binding and the observation that
multiple anti-C1q 1F5 mAbs can bind to one Clq molecule also indicate that the target
epitope is likely present on the extended arms of the C1q CLR and not on the central
CLR stalk where all arms come together. This may be explained by the GH domains
bending at the interface of CLR and GH upon docking onto a ligand [29, 30], revealing
a cryptic binding site previously obscured when in fluid phase. Collectively, the data
indicate that anti-C1q mAbs bind C1q in a conformationally changed state, which occurs

in C1q following binding to its natural ligands, or to surfaces (Figure 7 A-C).

While the origin of anti-C1q autoantibody reactivity is still unclear, there may be some
benefit to the host under certain conditions, once these antibodies have arisen. We
hypothesized that anti-C1q antibodies of the IgG isotype could aid in phagocytosis of
Clg-opsonized particles by engaging Fc receptors. Indeed, addition of anti-C1q mAbs
increased binding and phagocytosis of opsonized beads and S. aureus bacteria. In vivo,
the same mechanism could enhance the clearance of Clg-opsonized pathogens and
apoptotic cells.
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A B

Figure 7. Schematic overview of binding of anti-Clq to solid-phase C1q. (A) Fluid-phase Clq is
not bound by human anti-C1q autoantibodies. (B and C) When C1q binds to a (cell) surface (B) or
ligand such as IgG complex (C), it adopts a solid-phase conformation. This conformation reveals
a previously hidden epitope, targeted by anti-C1q autoantibodies, allowing them to specifically
bind to solid-phase Clq.

Nonetheless, the presence of anti-Clq autoantibodies in SLE patients is heavily
linked to nephritis [7-9], likely because of the additional immune activation on Clg-
containing immune complexes deposited in the glomeruli. In a mouse model of
anti-Clg enhancement of immune-complex nephritis, we observed earlier that both
complement activation and Fc receptor engagement were necessary for kidney damage
[7]. Based on the current findings, we now hypothesize that complement activation by
the immune complexes in the kidney is required to attract inflammatory cells to the
glomerulus but is not enhanced by anti-Clq autoantibodies. The anti-C1q driven Fc-
receptor triggering would then mediate damage to the kidneys by the newly attracted
immune cells. Future research using in vivo experiments in mice would be needed to
further support this hypothesis. Unfortunately, such an experiment is currently not
possible, as these human anti-C1g mAbs bind strongly to human Clq, but do not bind

substantially to mouse Clq.

In our experiments, anti-Clqg mAb binding to solid-phase Clq was not, or only
marginally, inhibited by fluid-phase Clq. Reversely, anti-C1q mAb binding could be
inhibited in the same assay with solid-phase C1q on beads, re-iterating the specificity
of these antibodies. The specific targeting of solid-phase C1q could potentially be used
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diagnostically or therapeutically. In a diagnostic setting, the isolated anti-C1q mAbs
may be used to identify tissue locations where C1q is activated in vivo. Therapeutically,
anti-C1g mAbs may be exploited in approaches to enhance or decrease Clg-immune

complex-mediated effects.

The current study reveals molecular properties of human anti-Clg autoantibodies on
a monoclonal level. These autoantibodies bind specifically to solid-phase Clqg, which
exposes cryptic epitopes not available in fluid-phase Clg. The data provide insights into
the immunopathological processes that underlie lupus nephritis and may therefore be an

important step in fighting this autoimmune disease.

Materials and methods
ELISA to screen individuals for anti-C1g-antibody positivity

Serum of selected individuals was screened for the presence of anti-C1q antibodies by
QUANTA Lite Anti-Clq (Werfen) enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer’s protocol (Werfen). Briefly, samples were diluted 1:101 in Sample
Diluent and 100 pL diluted samples or supplied controls were added to the wells.
After 30-min incubation, wells were washed and incubated with 100 pL horseradish
peroxidase (HRP) IgG conjugate for another 30 min. Next, wells were washed and
stained for 30 min with 100 uL 3,3’,5,5'-tetramethylbenzidine (TMB) Chromogen while
protected from light; then, 100 puL HRP Stop Solution was added. Absorbance at 450 nm
was measured with a microplate reader (Bio-Rad iMark) and used to calculate anti-C1q
units based on positive control samples provided in the kit. The cut-off for positivity was
20 units, as recommended by the manufacturer.

Isolation of Clq-reactive B cells

To optimize the anti-C1q staining procedure, HEK cells were transduced to express mouse
anti-C1g mAb JL-1 on the cell surface, as described before [7, 31]. The resulting cells mimic
B cells with a C1g-binding B cell receptor. For fluorescence-activated cell sorting (FACS) of
B cells, peripheral blood was collected from anti-C1g-positive donors after obtaining their
informed consent, approval was granted by the Medical Ethical Committee of Leiden-
The Hague-Delft (reference numbers: B19.008/AB/ab and P17.151). Peripheral blood
mononuclear cells (PBMC) were isolated using Ficoll-Paque (Leiden University Medical
Center [LUMC] pharmacy) gradient centrifugation and B cells were enriched using the
EasySep Human B cell isolation kit (Stem Cell Technologies) following instructions
provided by the manufacturer. Fluorescent solid-phase Clg-containing complexes were
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generated by mixing purified Clg (Complement Technologies), pre-formed hexamers
of anti-dinitrophenol (DNP) 1gG1-RGY antibodies, biotinylated peptides containing DNP
(LUMC peptide facility) and streptavidin-phycoerythrin (PE) (Bio Rad) or streptavidin-
AlexaFluor647 (Invitrogen) (Figure 1B). IgG1 antibodies (mAb G2a-2) directed against
the hapten DNP [32] were engineered with hexamerization-enhancing mutations E345R,
E430G, and S440Y to generate hexamers of IgG that bind Clq, thereby bringing it in its
solid-phase conformation [30, 33]. The anti-DNP antibodies bind a peptide containing
DNP and biotin, linking it to the streptavidin-coupled fluorochromes.

B cells were incubated with fluorescent solid-phase C1g complexes for 45 min at 4 °C.
After washing in phosphate-buffered saline (PBS) with 1% fetal calf serum (FCS), the
cells were further stained with mouse anti-human CD27-FITC (ThermoFisher; mAb CLB-
27/1), CD3-Pacific Blue (BD Biosciences; mAb SP34-2) and IgD-PE-Cy7 (BD Biosciences,
mAb IA6-2) and incubated for 45 min at 4 °C [34]. Single B cells detected as CD3", IgD",
CD27*, and double positive for C1g-complex staining were sorted on a FACSAria Il Cell
Sorter (BD Biosciences) and collected at one cell per well in a 96-well flat bottom plate
(Corning). The wells contained 100,000 irradiated (50 Gy) EL4B5 cells expressing CD40L
in 200 uL Iscove’s Modified Dulbecco’s Medium (IMDM; Lonza) supplemented with
10% FCS, 2 mM L-glutamine (Gibco), 50 uM 2-mercaptoethanol (Sigma-Aldrich), 100
units/mL penicillin, 100 pg/mL streptomycin (both Gibco), 20 pg/mL Insulin-transferrin-
sodium selenite (Sigma-Aldrich), 50 ng/mL interleukin (IL)-21 (Gibco), 1 ng/mL IL-1B
(Miltenyi Biotec), 0.3 ng/mL tumor necrosis factor (TNF)-a (Miltenyi Biotec), and 0.5 pg/
mL Resiquimod (R848; Sigma-Aldrich) [35, 36]. Plates with B cells were incubated for 13
d at 37 °C and 5% CO, before analysis.

Identification and variable domain sequence analysis of anti-C1qg-
producing B cells

Supernatant of sorted B cells was harvested after a 13-d expansion period and screened
for IgG production by ELISA as described before [37]. Screening for C1q reactivity in
the B cell supernatant was performed by coating C1q instead of goat anti-human-IgG.
B cell clones which were positive for anti-Clq production were lysed and RNA was
isolated using TRIzol reagent (Invitrogen). Subsequently, cDNA was synthesized using
PrimeScript Reverse Transcriptase (Takara) followed by rapid amplification of cDNA
ends (RACE) PCR to amplify variable domains of the heavy (VH) and kappa or lambda
light (VL) chain. Isolated VH and VL fragments were ligase-independently cloned into
pcDNA3.3 plasmids containing 1gG1, kappa or lambda constant domains, as described
before [38]. The plasmids were then sequenced by the Leiden Genome Technology
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Center to obtain the VH and VL sequences. Sequences were analyzed for VDJ gene usage

and complementarity-determining region (CDR) identification by IMGT V-quest [39].

Production and purification of monoclonal antibodies

Heavy and light chain plasmids were co-transfected in Expi293F cells using
ExpiFectamine, Opti-MEM, and Expi293 expression medium (all ThermoFisher)
according to the manufacturer’s instructions. Supernatant was harvested after 5-7 d
and filtered, and antibodies were purified on protein A resin (Genscript). Subsequently,
buffer was exchanged to PBS, and antibodies were concentrated on 50 kDa Amicon
centrifugal filters (Merck Millipore). Antibody concentration was measured using an in-
house sandwich ELISA as described previously [37].

ELISA for binding of anti-C1q mAbs to C1q on natural ligands and
polyreactivity

ELISA was performed to evaluate reactivity of the isolated mAbs toward C1q on natural
ligands and toward common targets of polyreactive antibodies. Nunc MaxiSorp plates
(ThermoFisher) were coated with 10 pg/mL calf thymus single-stranded DNA (Sigma-
Aldrich), lipopolysaccharide (LPS; Sigma-Aldrich), pre-pro-insulin (produced in-house),
intravenous immunoglobulins (IVIG; Sanquin), CRP (Calbiochem), 5 pg/mL IgM (Sigma-
Aldrich) or 5 pug/mL Clq in bicarbonate coating buffer (0.1 M Na,CO,/NaHCO,, at pH
9.6) for 1 h at 37 °C. Plates were washed three times with PBS/0.05% Tween after every
incubation. Plates were blocked with 100 pL/well PBS/1% bovine serum albumin (BSA)
for 1 h at 37 °C. Wells coated with IVIG, IgM, or CRP were incubated with 5 pg/mL Clq
diluted in PBS/0.05% Tween/1% BSA (hereafter abbreviated to PTB) for 1 h at 37 °C.
After washing, plates were incubated with anti-C1g mAbs biotinylated with the Pierce
Antibody Biotinylation Kit (ThermoFisher) diluted in PTB and incubated for 1 h at 37
°C. Binding of anti-C1g mAbs was detected by 0.5 pg/mL HRP-coupled streptavidin
(ThermoFisher) in PTB, incubated for 1 h at 37 °C. After the final washing sequence,
50 pL 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)/0.015% H,0, (both
from Merck) was added, and absorbance at 415 nm was measured using a microplate
reader.

Avidity measurement of anti-C1q mAbs by surface plasmon resonance

Surface plasmon resonance was employed to determine the avidity of anti-C1q mAbs for
Clq, using a Biacore T200 (Cytiva). Biotinylated C1q was immobilized on a streptavidin-
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coated chip (Cytiva) to a response of 146.4 response units, with an empty channel for
compensation. By immobilizing C1q on the chip, it was presented in solid-phase. Next,
titration curves of anti-Clqg mAbs or unrelated mouse anti-Clqg mAb 4A4B11 (ATCC
HB-8327) in PBS/0.05% Tween/0.5 mg/mL BSA from 40 to 0.05 pug/mL were prepared.
These samples were stored in the Biacore at 4 °C and covered with a breakable seal
during the measurement to ensure a stable quality of the samples. Samples were run
in increasing concentration steps, with chip regeneration by two times 30 s flowing
10 mM glycine, pH = 2.0. Resulting binding curves were analyzed using Biacore T200
Evaluation Software 3.2.1 (Cytiva) to fit a 1:1 binding model, resulting in association and

dissociation constants for each anti-C1g mAbs.

ELISA to determine inhibition of anti-C1q mAbs by fluid-phase Clq

ELISA plates were coated with 10 pg/mL Clq in coating buffer overnight at 4 °C and
subsequently blocked with PBS/1%BSA for 1 h at 37 °C. Biotinylated anti-C1q mAbs were
mixed with either 20 ug/mL Clq, 20 ug/mL C1 (Complement Technologies), 5% or 25%
pooled normal human serum (NHS) or 5% or 25% Cl1g-depleted serum (Complement
Technologies), in PTB containing 0.5 M NaCl to prevent Clg—Fc interactions [13].
Mouse mAb 4A4B11 was tested as a control which is not specific for solid-phase Clq.
Samples with serum were also supplemented with 10 mM EDTA to prevent complement
activation. After pre-incubation on ice for 30 min, samples were incubated in the Clg-
coated wells for 1 h at 37 °C. Anti-C1g mAbs were detected with 0.5 pg/mL streptavidin-
HRP, plates were then developed by incubating with ABTS/0.015% H,O, and measured
using a microplate reader. Percentage signal was calculated by setting the absorbance

values of samples without C1q competition at 100% for each individual mAb.

ELISA to determine inhibition of monovalent anti-C1qg mAbs by solid-
phase Clq

For mAbs 1F4, 1F5, and 4F5, antibody was produced containing LALA-PG mutations
to render their Fc domain incapable of recruiting C1q [LALA-PG and F405L or K409R
mutations to allow for Fab-arm exchange. These antibodies were then combined with the
anti-HIV gp120 clone b12 through Fab-arm exchange following the protocol described
by Labrijn et al. [40, 41]. The resulting bispecific antibodies (bsAb) were functionally
monovalent for Clqg binding, with inactive Fc domains to specifically investigate the
interactions between one Clg molecule and one antigen binding domain. ELISA plates
were coated with 10 ug/mL Clq in coating buffer overnight at 4 °C and subsequently
blocked with PBS/1%BSA for 1 h at 37 °C. Biotinylated anti-C1q bsAb in PTB were mixed
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with C1q or human serum albumin (HSA) coupled to Carboxyl Fluorescent Particles,
0.4-0.6 um (Spherotech), or soluble C1q or HSA. After pre-incubating for 30 min, each
well in the ELISA plate received 0.1 pg anti-Clq antibody and 1 pug Clq or HSA, which
in case of solid-phase competition was coupled to 10° beads. After incubating for 1
h at 37 °C, plates were washed and bound, biotin-labeled anti-C1q antibodies were
detected with 0.5 pg/mL streptavidin-HRP. Plates were developed by incubating with
ABTS/0.015% H,O, and measured using a microplate reader.

Anti-C1q mAbs binding to C1q on opsonized and necrotic cells

PBMCs were isolated from healthy donor peripheral blood by Ficoll-Paque gradient
centrifugation. Cells were either opsonized with recombinant anti-CD52 (alemtuzumab)
IgG1 antibodies containing hexamer-enhancing mutations RGY for 45 min at 4 °C or
made necrotic by incubating for 30 min at 56 °C [42, 43]. Cells were then seeded into
96-well plates at 100,000 cells per well and washed two times by adding 200 uL FACS
buffer (PBS/2% FCS), centrifuging and removing the supernatant. C1q was added at 2
pg/mL in FACS buffer and incubated with the cells for 45 min at 4 °C. After washing,
cells were incubated with 10 pg/mL biotinylated anti-C1q mAbs for 45 min at 4 °C and
washed again. Binding of anti-C1q mAbs to the cells was detected by incubating with 2
pg/mL streptavidin-AlexaFluor647 for 45 min at 4 °C. As positive control for C1q binding,
polyclonal rabbit anti-C1q (DAKO) and BrilliantViolet421-labeled donkey anti-rabbit IgG
(BioLegend) were used. After the final wash, the fluorescent signal on the cells was

measured on a FACSCanto flow cytometer (BD Biosciences).

ELISA for competition between anti-C1qg mAbs and purified SLE
antibodies

ELISA plates were coated with 10 pg/mL Clq in coating buffer overnight at 4 °C and
subsequently blocked with PBS/1%BSA for 1 h at 37 °C. Competitor anti-C1q mAb at 64
pg/mL final concentration, or protein A-purified SLE antibodies at 5 mg/mL, was added
to the plates in PTB and incubated 1 h at 37 °C. Without washing, biotinylated anti-C1q
mAb was then added at concentration between 0.15 and 12 ug/mL depending on the
concentration needed to obtain near saturation binding signal without competition.
After incubation for 1 h at 37 °C, plates were washed and biotinylated anti-C1qg mAb
binding was detected by 0.1 ug/mL streptavidin-HRP. Plates were developed by
incubating with ABTS/0.015% H.O

,0,, and absorbance was measured at 415 nm using a

microplate reader. Percentage residual binding was calculated by dividing absorbance in

presence of competition by absorbance in the absence of competition.
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ELISA to detect binding of anti-C1qg mAbs to C1q collagen-like region
and globular heads

ELISA plates were coated with C1q CLR made by limited proteolysis of purified serum
Clq, recombinant single-chain GH domains (described in ref. [44]) (both gifts from Nicole
Thielens), or purified intact C1q at 10 pug/mL in coating buffer for 1 h at 37 °C. The plates
were then blocked with PBS/1%BSA for 1 h at 37 °C, washed, and incubated with 4 ug/
mL anti-C1q mAb, or 10 pg/mL for mAb 12F6, for 1 h at 37 °C. After washing, bound anti-
C1lg mAb was detected with 1:2000 rabbit anti-human 1gG-HRP, plates were developed
by incubating with ABTS/0.015% H,O,, and absorbance at 415 nm was measured using
a microplate reader. Absorbance values for binding to intact C1q were set to 100% for
each mAb to facilitate easier comparison.

Sample preparation and data collection for negative stain electron
tomography

Clq (270 pg/mL final concentration) was incubated with 1gGl-anti-CD52-RGY (540
pg/mL final concentration) for 30 min at 4 °C. Monovalent, Fc-inactive anti-C1q bsAb
combining 1F5 with control b12 (made as described for the solid-phase Clq inhibition
ELISA; used at 90 pg/mL final concentration) was added and samples were incubated for
another 30 min at 4 °C. Samples were purified using a Superdex 200 Increase 3.2/300
column (Cytiva). Column was equilibrated with PBS on an Akta pure system (Cytiva). Size
exclusion fractions were diluted 1:10 in water and loaded on freshly plasma-cleaned
200 mesh carbon-coated copper grids (Electron Microscopy Sciences) and incubated
for 1 min, before blotting using Whatman paper. Samples were stained using 2% uranyl
formate for 1 min. Negative stain tilt-series were collected on a FEI Tecnai T12 Biotwin
with LaB6 source, operating at 120 kV on a FEI Eagle 4 k x 4 k CCD camera. Tilt series
were collected using Xplore 3D (ThermoFisher Scientific) at 49,000x magnification
and a pixel size of 4.546 A using a continuous acquisition scheme from +60° with a tilt
increment of 3°. A total dose of 100 e—/A2 and a defocus of —4 pm was used. Tracking
and focusing were performed before every third image acquisition.

Tomogram reconstruction

Alignment of cryo-electron tomography raw frames was performed using the “alignframes”
command from the software program IMOD 4.11.13 [45]. Additionally, IMOD was used
to reconstruct negative stain tomograms using weighed back projected with a SIRT-like
filter equivalent to five iterations. Tomograms were aligned using patch tracking. IgG1—

C1g—-1F5 maps were displayed on the tomographic slices using UCSF Chimera 1.16 [46].
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ELISA for complement activation in the presence of anti-C1q mAbs

IgG1 anti-DNP with RGY mutations for hexamer formation were coated on ELISA plates at
10 pg/mL in coating buffer for 1 h at 37 °C. The plates were blocked with PBS/1%BSA for
1 hat 37 °C, washed and incubated with 10 pg/mL C1q for 1 h at 37 °C. After washing, 50
pg/mL anti-Cl1g mAb was incubated in the wells for 1 h at 37 °C. The wells were washed,
incubated with 1% NHS in RPMI 1640 (Gibco) for 1 h at 37 °C, and washed again. Deposited
C5b-9 was detected using 333x diluted Mouse anti-C5b9 (clone aE11, DAKO) and Goat
anti-Mouse-HRP (DAKO). Plates were developed with ABTS/0.015% H,0O, and absorbance
at 415 nm was measured using a microplate reader.

ELISA for FcyRllla binding in presence of anti-C1q mAbs

FcyRllla with a C-terminal 10xHis and BirA tags were produced in Freestyle 293-F cells
(ThermoFisher), purified on a His-trap column (GE Life Sciences) and biotinylated with BirA
as described previously [47]. IgG1 anti-DNP with RGY mutations for hexamer formation
were coated on ELISA plates at 10 pg/mL in coating buffer for 1 h at 37 °C. The plates were
blocked with PBS/1%BSA for 1 h at 37 °C, washed and incubated with 10 ug/mL Clq for 1
h at 37 °C. After washing, 50 pg/mL anti-C1q mAb was incubated in the wells for 1 h at 37
°C. The wells were washed and then incubated with 3 pg/mL FcyRllla-biotin for 1 h at 37
°C. Detection of FcyRllla-biotin after washing was performed by incubating with 0.1 pg/
mL streptavidin-HRP for 1 h at 37 °C. After adding ABTS/0.015% H,O,, absorbance at 415
nm was measured using a microplate reader.

Binding of anti-C1q opsonized beads by THP-1 cells

The THP-1 cell line (ATCC TIB-202) was cultured in RPMI (Gibco) with 10% FCS, 2 mM
L-glutamine, 100 units/mL penicillin, and 100 pg/mL streptomycin (all Gibco). Cells
were differentiated to a macrophage phenotype by incubating 100,000 cells/well
in a 48-well plate with phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) in the
medium. After 3 d incubating at 37 °C, medium was replaced with PMA-free medium
and cells were incubated for another 5 d. Yellow fluorescent 0.46-um carboxyl beads
(Spherotech) were loaded with IgM for 1 h at 37 °C, washed three times in PBS, and
incubated with C1q for 1 h at 4 °C. After washing, beads suspension was incubated with
anti-C1g mAb in serum-free medium for 1 h at 4 °C, after which the mixture was added
to the differentiated THP-1 cells. Per well, 3 x 108 beads, incubated with 0.1 pg IgM, 0.5
pg Clqg, and 0.2 pug anti-C1g mAb were added in a total volume of 200 pL serum-free
medium. For experiments with Fc blocking reagent, cells were incubated with 10 pg/

mL Human Fc block (BD Biosciences) for 10 min at room temperature before adding
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the beads suspension. Plates were centrifuged for 1 min at 100g to bring the beads in
contact with the cells and were then incubated for 1 h at 37 °C to allow binding and
phagocytosis of anti-C1qg mAb-covered beads by the cells. The beads suspension was
removed, and the cells were treated with trypsin (Gibco) to detach them from the plate.
Cells were resuspended, washed in FACS buffer and then analyzed on a FACSCanto flow
cytometer. Binding or phagocytosis was measured by FITC fluorescence. Differentiation
of THP-1 cells was confirmed by increased expression of CD11b (by mouse anti-CD11b-
APC, clone D12, BD Biosciences) and decreased expression of CD15 (by mouse anti-
CD15-BV510, clone W6D3, BD Biosciences).

Phagocytosis of S. aureus by human neutrophils

Human polymorphonuclear (PMN) leukocytes were isolated freshly from blood of
healthy donors by the Ficoll-Histopaque gradient method [48]. In 96-well plates,
mAmetrine-labeled S. aureus (strain NewmanAspa/sbi; 750,000 cells/well) was mixed
with 1.5 pg/mL mAb [IgG4 with E430G mutation against wall teichoic acid (WTA) and 6
pug/mL Clg in RPMI supplemented with 0.05% HAS [24, 49]. Plates were incubated for
15 min at 37 °C on an orbital shaker. Subsequently, anti-C1qg mAbs were added at 10 pg/
mL, and plates were incubated for another 15 min at 37 °C on an orbital shaker. Finally,
PMN leukocyte cells were added at 75,000 cells/well to allow phagocytosis of opsonized
bacteria. After 15-min incubation at 37 °C, phagocytosis was stopped by addition of
1% paraformaldehyde. Neutrophils were gated based on forward and sideward scatter,
and the fluorescence of mAmetrine-labeled bacteria associated with neutrophils was
acquired.

Statistical analysis

Where applicable, statistical analysis of results was performed in GraphPad Prism
software version 9.3. EC50 of anti-Clg mAb binding to Clg-coated ELISA was
determined from an agonist vs. response curve with variable slope (four parameters).
Significance for solid-phase C1q inhibition, complement activation, and FcyRllla binding
was determined per anti-C1qg mAb by one-way ANOVA followed by Dunnett’s multiple
comparisons test. A P-value below 0.05 was considered statistically significant.
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Supporting information

Western blots of C1q in various conformational states

Clq in different conformational states was prepared in Laemmli sample buffer (Bio-Rad)
as either unheated, heated for 5 minutes at 95°C, or heated and reduced by adding
5% 2-mercaptoethanol in the sample buffer. A total of 2 pg Clq was loaded per lane
of a 4-15% gradient precast polyacrylamide gel (Bio-Rad) and run at 110 V for 1 hour.
The PageRuler Plus Prestained Protein Ladder, 10 to 250 kDa (ThermoFisher) served as

reference for the molecular weights of the bands.

The gel was washed in ultrapure water and proteins were blotted to a nitrocellulose
membrane using a Trans-Blot Turbo Transfer System (both Bio-Rad). The blots were
washed three times with ultrapure water and blocked with 30 mg/ml skim milk powder
(Fluka) in PBS/0.05% Tween (blocking buffer) for 90 minutes. After washing two times
with ultrapure water, the blots were cut into pieces to be stained with different mAbs and
incubated with 5 pg/ml anti-C1q mAb or 1:20,000 rabbit anti-C1q polyclonal antibody in
blocking buffer for 1 hour. The blots were washed three times with PBS/0.05% Tween,
then incubated with 1:1000 rabbit anti-human IgG-HRP (DAKO), or with 1:20,000 goat
anti-rabbit-HRP (DAKO) matching the primary antibodies. After 1 hour, blots were washed
three times with PBS/0.05% Tween and once with ultrapure water. Blots were then
incubated in ECL blotting reagent (Cytiva) and imaged on ChemiDoc MP Imaging System
(Bio-Rad).

ELISA competition between anti-C1q Fab2 and biotinylated SLE
antibodies

Plates and buffers from the QUANTA Lite Anti-C1q ELISA (Werfen) were used in this
assay. Fab2 fragments of anti-C1q mAbs were made using FabRICATOR enzyme (Genovis)
and protein A-purified antibodies from SLE patients and anti-C1q negative donors were
biotinylated with the Pierce Antibody Biotinylation Kit (ThermoFisher). Mixed Fab2 of anti-
Clq mAbs 1F4, 1F5, 4D2 and 4F5 were diluted in Sample Diluent to 50 pg/ml IgG equivalent
final concentration (per mAb) and incubated on the plate for 1 hour at room temperature.
Without washing, 25 pug/ml biotinylated purified serum antibodies in Sample Diluent were
added and incubated 1 hour at room temperature. Plates were washed in HRP wash buffer
and 0.2 pg/ml streptavidin-HRP was incubated for 1 hour at room temperature. After
washing with HRP Wash buffer, ABTS/0.015% H,O, was added for detection. Absorbance
was measured at 415 nm using a microplate reader. Average absorbance for anti-Clq

negative serum samples was subtracted from absorbance for SLE samples.
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ELISA screening for anti-C1q binding to linear peptides

A comprehensive set of peptides covering the A, B and C chains of C1q was produced
at the in-house peptide facility of the LUMC. Peptides were 21 amino acids long,
overlapped 12 amino acids with the next peptide, and were C-terminally biotinylated
after an aminohexanoic acid linker. Additionally, all cysteine residues were converted
to a-aminobutyric acid (Abu), which better resembles a cysteine in disulphide bond
as it would be in the full Clq protein. Previously described peptides A08, B78, and
negative control A08-C, biotinylated as described above, were also tested [20].
Peptides were initially dissolved in DMSO, then diluted 1000x in PTB to 10 pg/ml
and incubated on streptavidin coated plates (ThermoFisher) for 1 hour at 37°C. After
washing, plates were incubated with a mix of the anti-C1q mAbs (5 pg/ml for each
mAb), a mix of anti-C1q positive plasma samples (each 1:50 diluted), or 1:1000 rabbit
anti-C1q polyclonal in PTB buffer for 1 hour at 37°C. After washing, bound antibodies
were detected with matched rabbit anti-human IgG-HRP or goat anti-rabbit-HRP for
the polyclonal and plates were developed by incubating with ABTS/0.015% H,0, and

measured using a microplate reader.
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Supplementary Figure 1. Western blot of Clq in various states of protein folding, with detection
by anti-C1q mAbs. (A) Full blots, as example, with C1q detection by rabbit polyclonal anti-Clq,
anti-DNP mAb, and anti-C1q mAb 3C3, on unheated C1q, heated but nonreduced C1q and reduced
Clg. (B) Blots were made for all anti-C1q mAbs, and relevant parts were aligned as summary.
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Supplementary Figure 2. Competition between biotinylated SLE antibodies and mixed anti-C1q.
Binding to C1q was tested for biotinylated SLE antibodies without competition, with a negative
control antibody, or in the presence of mixed Fab2 fragments of mAbs 1F4, 1F5, 4D2 and 4F5.
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Supplementary Figure 3. Binding of anti-C1q antibodies to linear Clg peptides. Binding to
biotinylated linear C1lq peptides of the A, B and C chains, and also previously described A08 and
B78 peptides was screened in ELISA. Antibody binding was tested for (A) a mix of three anti-Clq
positive SLE patient plasma samples, (B) a mix of all nine anti-C1g mAbs and (C) a polyclonal rabbit
anti-C1q antibody as positive control.
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General discussion

Douwe J. Dijkstra



Chapter 7

Complement and complement therapeutics in rheumatic
disease

The human complement system plays a major role inimmune defense and maintenance
of homeostasis, but through overactivation, inadequate regulation or improper
function, complement is also involved in disease processes. This detrimental role of
the complement system is apparent for example in several rheumatic diseases, as we
have reviewed in chapter 2. In rheumatoid arthritis (RA), the observation that activated
complement protein fragments are present in the synovium and in the circulation
was an initial clue for a role for complement activation in the disease processes of
RA [1-7]. This was experimentally elaborated in mouse models of collagen antibody-
induced arthritis (CAIA), where especially the alternative complement pathway was
essential for disease development, with only a minor role for the classical pathway [8-
10]. Meanwhile, the influence of complement on systemic lupus erythematosus (SLE)
can take on of two forms. Complement deposition in affected organs and decreased
concentrations of circulating complement proteins due to massive consumption of
complement is often observed in SLE patients and correlates with disease severity,
implicating that complement activation contributes to the disease processes of SLE
[11-13]. On the other hand, individuals who are genetically deficient for C1q (and to a
lesser extent also C1r, C1s, C4 and C2) are highly likely to develop SLE disease [14, 15].
According to the waste disposal hypothesis, the inability of the classical complement
pathway to help clear apoptotic cells and debris leads to the exposure of intracellular
antigens and formation of autoantibodies against these antigens. Additionally, C1q is
reported to have a regulatory effect on T cells, interacting with CD8* T cells with their
globular head to modulate T-cell metabolism [16]. The absence of this pathway may

increase the occurrence of autoimmunity.

Even though alarge body of evidence points towards the involvement of the complement
system in both RA and SLE, therapeutics targeting complement have so far not yielded
convincing results. Eculizumab, an antibody that prevents the cleaving and activation
of C5, was clinically tested in both RA and SLE patients, but did not progress to pivotal
clinical trials and regulatory approval [17]. Off-label use of eculizumab anecdotally
demonstrated positive outcomes in lupus nephritis, as reported by in several single
cases [18, 19], but no large-scale study has been performed. These results show that
complement activation, at least when inhibited at the level of C5, is not likely to play an
essential role in the immunopathology of established RA and SLE, and C5 is therefore

not the best target for therapy of these diseases.
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Successful intervention by complement-targeting therapeutics is possible in
other diseases, exemplified by the approval of anti-C5 antibodies eculizumab and
ravulizumab in paroxysmal nocturnal hemoglobinuria (PNH) and atypical hemolytic
uremic syndrome (aHUS) [20]. In chapter 2, the C5a receptor-blocking small molecule
avacopan was described to be in clinical trials, and it has since been approved for the
treatment of anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV)
[21-23]. In AAV, neutrophils are attracted and activated through their C5a receptor and
subsequently cause more complement activation by secreted factors and neutrophil
extracellular traps (NET). This feedback loop is broken by blockade of the C5a receptor,

as has now been shown in human studies with avacopan [24, 25].

With these and other complement-targeting therapeutics on the market, and several
more under clinical investigation, every trial allows the scientific community to learn
more about the relative contribution of complement in the respective disease [20]. In
this sense, it will be interesting to follow a recently developed antibody against Clq,
which aims to deplete free C1q from the circulation [26]. As C1q deficiency is associated
with development of SLE disease, long-term treatment with this anti-C1q antibody may
have as a side-effect the development of autoimmune disease. The currently approved
complement-targeting therapeutics work systemically, which may have a great impact
on side effects. Even though safety concerns for eculizumab are less prominent than
once feared, inhibiting (parts of) complement systemically to treat a localized disease
remains sub-optimal [27]. This leaves a great opportunity for future therapeutics in
targeting specific locations within the body. Localizing the therapeutic to the affected
organ or tissue will allow the next generation of complement drugs to maintain normal
complement functionality throughout the rest of the body [van de Bovenkamp et al.,
submitted].

Clq as biomarker in tuberculosis disease

While complement is a therapeutic target in some diseases, complement components
may serve as a biomarker for other diseases. Tuberculosis (TB) is a clear example of
such a disease where current diagnostic approaches are either very time-consuming in
the case of bacterial culture from sputum, or incapable of distinguishing between active
disease, latent infection or past infection in the case of immunological tests. This raises
the need for better TB diagnostics, and complement protein Clq has been identified as
a possible biomarker. We and others have found that the Clq concentration in serum
is increased in patients with active pulmonary TB disease compared to latently infected

patients and relevant disease controls [28-30]. Whole blood transcriptomics analyses also
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revealed other possible biomarkers, including differential expression of certain interferon-
stimulated genes. One particular study selected 10 of these genes to form a whole blood
transcriptional type-1 interferon signature for use as a diagnostic marker [31]. In chapter
3, we observed an inverse correlation between C1q and the interferon signature in active
pulmonary TB patients. As a result, all patients in the cohort were positive for high Clq
concentration or for high type-1 interferon signature, with some double positive patients.
Importantly, none of the active TB patients were double negative, while a large majority
of healthy controls fell within the double negative quadrant. We conclude that the use
of both Clqg and the interferon signature yields improved diagnostic value based on the

results in our cohort, compared to either of the single biomarkers.

TB can spread to many different organs, and we also investigated involvement of the
eye, in the form of TB uveitis, which is especially difficult to diagnose as it may present
itself clinically similarly to other ocular conditions. Additionally, association between
uveitis and positive immunological tests for TB may be coincidental in regions with high
rates of latent TB infection. In uveitis of unknown cause, we could stratify patients into
groups based on low or high risk of TB uveitis by using both Clqg and the interferon
signature as combined biomarkers. Although further development and validation
are still needed, the inverse correlation between Clq concentration and the type-1
interferon signature we observed for active pulmonary TB in chapter 3 means they
could work well together. The main advantage over the current immunological tests is
their ability to distinguish active disease from past exposure. Bacterial culture from a
biological sample can also achieve this distinction, but may take weeks to deliver results.
The use of C1q concentration and interferon signature therefore offers the opportunity
to start anti-tuberculosis treatment rapidly, without the risk of overzealous treatment
in patients with past exposure to TB. We investigated TB in the context of the lungs and
eyes, however it is likely that a similar strategy would work for TB involvement with

other organs.

To persist in the body, Mycobacterium tuberculosis, the causative agent of TB infection,
needs to evade the immune system. At a later time however, the bacterium also causes
inflammation to aid transmission [32]. It is likely that the increased C1q concentration
during active TB disease is a result of immunomodulation by the bacterium. According
to our current hypothesis, it could be beneficial for M. tuberculosis to stimulate Clq
production, which is known to have a regulatory influence on T cells [16]. Actual
complement activation may not be increased, since an increase in systemic levels of
the regulator C1-INH was also observed [33]. Higher C1-INH levels can counteract any

increased complement cascade initiation that could otherwise be caused by higher Clq
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levels. It is currently unknown exactly how M. tuberculosis would instruct the human
body to produce more Clg.However, we do know that the additional C1q production
occurs systemically, as both increased Clq protein and increased C1lqg gene expression
are detected in whole blood. We recently identified that among the circulating cells a
specific subsets of monocytes are the main producers of Clq during active TB disease
[34]. Further research will have to elucidate through which signals and pathways M.
tuberculosis or TB-infected macrophages in the lung granuloma instruct upregulation of

Clq in circulating cells.

Increased C1lq concentration can serve as a biomarker for active TB disease, and may
be used in clinical diagnostics to identify active TB disease, possibly in combination
with other biomarkers. In light of spreading (multi)drug-resistant TB strains, therapy
to stop immune evasion by M. tuberculosis and allow the immune system itself
to clear the bacterium, should be investigated [35]. As increased Clg may play an
immunomodulatory role during active TB disease, it could be a target in those cases
where traditional drugs fail to eradicate the infection. Systemically lowering the Clq
concentration over a prolonged period of time may be difficult and may have side-effects.
However, blocking the downstream effects of high C1q concentrations may provide an
opportunity. The initial literature describing interaction between Clqg and T cells in
autoimmunity hypothesized that C1q can alter CD8* T-cell function through metabolism
[16]. According to their theory, this would involve the receptor for the globular heads of
C1q (gC1gR), which is expressed primarily on mitochondria, but also on the cell surface
[36]. When the interactions between Clq and T cells are further elucidated, an inhibitor
of this interaction or its downstream signaling could be interesting in unleashing T
cells to fight TB infection, analogous to the immune checkpoint inhibition which has

revolutionized cancer treatment in the last decade [37].

The role of complement in pregnancy and preeclampsia

We investigated Clg and also Factor H in a very different situation in chapter 4:
pregnancy and the pregnancy complication preeclampsia. During pregnancy, shaping
and maintaining the placenta requires a large amount of blood vessel formation,
tissue remodeling and subsequently the resulting cellular debris has to be cleared.
These are processes in which C1q is known to play a role throughout the body. It is
therefore interesting that we observed higher serum Clqg concentrations in pregnant
women than in nonpregnant controls. Similarly, we also observed higher serum factor
H concentration in pregnant women compared to nonpregnant controls, as has been

reported before [38, 39]. We postulate that Clq is upregulated during pregnancy to
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perform its role in neovascularization and removal of debris from tissue remodeling and
invasion of fetal trophoblasts, while increased factor H helps limit alternative pathway
complement activation which is known to occur on apoptotic and necrotic bodies [40].

Preeclampsia is an important complication of pregnancy, and a large contributor to
maternal and fetal morbidity. It presents during the second half of pregnancy with
increased blood pressure and typically also proteinuria. While the etiology is not clearly
understood, this condition is thought to originate in improper placentation, a partly
dysfunctional placenta, and the stress signals this causes when the fetus grows larger
and needs more nutrition [41]. In our research in chapter 4 we showed that serum
factor H concentration was lower in preeclampsia patients than in pregnant women in
a control group without preeclampsia. This difference was particularly found in early-
onset preeclampsia patients (defined as gestational age below 34 weeks at delivery),
which are generally the more severe cases. These findings are in agreement with earlier
reports of increased concentrations of the alternative pathway activation fragment Bb in
preeclampsia cases [39, 42, 43].

The only known cure for preeclampsia is delivery of the fetus and placenta, although
preventative administration of aspirin during high-risk pregnancies has been used with
positive results [44]. A better understanding of preeclampsia is therefore needed to
improve treatment [45]. The study presented in chapter 4 indicates a role for (the
lower concentration of) factor H in preeclampsia, however it has not been established
whether it would be involved in the cause of preeclampsia, or rather be a step in
the later pathology. Alternatively, the lower factor H levels may also be a result of
increased binding to tissues in the prevention of further pathology. On account of
the relatively small differences in factor H concentration between preeclampsia and
control pregnancies, and the fact that our study was performed on samples from the
end of pregnancy, factor H would not be an obvious biomarker candidate based on this
study. A follow-up of this study should therefore focus on a further contribution to the
understanding of preeclampsia. To make more definitive statements on a role for factor
H in the cause of preeclampsia, factor H would have to be monitored prospectively,
before the onset of preeclampsia, in a large cohort of pregnancies. Such a study should
aim to learn at which point during the pathogenesis of preeclampsia the decreased
concentration of factor H develops, and subsequently whether a therapeutic strategy
involving factor H would be feasible.
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Autoantibodies to solid-phase Clq

Autoantibodies against C1q are investigated in chapters 4, 5 and 6 of this thesis. These
autoantibodies have been known for decadesand are associated with autoimmune disease,
mostly with lupus nephritis [46-48]. Interestingly however, anti-C1q autoantibodies are
also present in a few percent of the general population, without current signs, or evidence
for future development, of autoimmune disease [49]. Interestingly, these healthy
individuals with anti-C1lq autoantibodies often have normal circulating levels of C1q. This
indicates that the anti-Clq antiantibodies apparently do not make complexes with Clqg
that would lead to their clearance. This is likely explained by the peculiar characteristic
of these autoantibodies that they specifically bind to solid-phase C1g, which means Clq
that is bound to a ligand or surface. In this situation, C1q undergoes a conformational
change, opening up a cryptic epitope which anti-Clq autoantibodies bind to. As these
autoantibodies bind to C1q specifically when Clq is engaged with a ligand, they may cause
unwanted amplification of immune responses in this location.

Due to the association with autoimmune disease and the hypothesis that anti-Clq
binding could contribute further immune activation in a local environment, anti-Clq
autoantibodies have been investigated as a biomarker in many diseases. An association
between anti-C1q and a certain disease means testing for anti-C1q could aid diagnosis.
One such report identified anti-C1q as a possible biomarker for lung involvement in
systemic sclerosis [50]. Systemic sclerosis is characterized by fibrosis of the skin and
internal organs, with most related deaths attributed to involvement of the lungs and
heart. In chapter 5, we examined the relation between anti-Clg autoantibodies,
systemic sclerosis and its associated lung conditions, most commonly pulmonary
fibrosis and pulmonary arterial hypertension. Due to the severity of these conditions, it
would be of considerable importance to have a prognostic marker for them as several
treatment options are available [51]. However, our study did not support a prognostic
value of anti-C1q autoantibodies in systemic sclerosis or its related lung conditions.
The systemic sclerosis patients positive for anti-C1q did show a much higher incidence
of anti-topoisomerase antibodies, which are themselves reported to associate with
lung complications and more severe disease [52]. The overlap between anti-Clq and
anti-topoisomerase antibodies would detract from any prognostic value of anti-Clq,
therefore anti-C1q autoantibodies are unlikely to be an adequate biomarker for systemic
sclerosis or its related lung conditions.

Anti-C1lq autoantibodies have been studied in the context of pregnancy as well,

multiple studies previously linked anti-Clq to different negative pregnancy outcomes,
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but not to preeclampsia [53-56]. In chapter 4, we also studied anti-C1q in pregnancy
and in preeclampsia patients, and found no significant association between anti-Clq
and preeclampsia in the three pooled cohorts from the Netherlands, Finland and
Norway. A recent study from Italy concluded that anti-C1q autoantibody levels were
actually lower in preeclampsia than in control pregnancy, which we also observed
when looking only at the cohort from the Netherlands [57]. However, our other two
cohorts did contain equal or higher percentages of anti-Clq positive individuals among
preeclampsia patients compared to controls. Careful investigation of demographic and
clinical data available did not explain these differences in the population from Italy and
the Netherlands versus Finland and Norway. Overall, the two studies combined do not
indicate a role for anti-C1q in the pathogenesis of preeclampsia.

Characterization of anti-C1q autoantibodies

Anti-Clq autoantibodies have been studied for decades, largely using serum as a
source. This approach has multiple drawbacks, such as the forced focus on polyclonal
mix of antibodies and the high salt concentration required to distinguish anti-C1q from
immune complexes. To overcome these drawbacks, we set out to isolate Clg-reactive
B cells and recombinantly reproduce human anti-Clq autoantibodies in chapter 6.
We were indeed able to successfully obtain 9 unique clones from 4 different donors,
allowing their characterization. We showed that at least two unique epitopes on the
Clqg protein are targeted by anti-C1lq autoantibodies, showcasing their diversity, and
that these antibodies indeed specifically bind solid-phase Clq as was described in
literature for polyclonal autoantibodies [47, 58, 59]. Since we studied a relatively limited
selection of antibodies, it is entirely possible that even more unique epitopes for anti-
Clq exist. Furthermore, electron microscopy revealed that multiple molecules of the
same anti-C1q monoclonal antibody could bind to the same Clq protein. Although this
is not unexpected due to the radial symmetry of C1q, no prior study had found evidence
that multiple antibodies would bind to one Clg molecule. All 9 anti-C1q antibodies
characterized in this study originated from healthy donors. In ELISA competition assays,
we observed that the anti-C1q monoclonals and antibodies purified from SLE patients
compete with each other for binding to C1q, showing they target the same or similar
(overlapping) epitopes on Clqg. Additionally, we showed that the anti-C1g monoclonal
antibodies are specific for solid-phase Clq and they were of the IgG isotype, which
is also the main isotype of anti-C1q autoantibodies in SLE patients [60, 61]. Based on
these factors, we argue that the results in this study are very likely to translate to the

anti-C1q autoantibodies found in SLE patients.
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The notion that anti-Clq autoantibodies in healthy subjects are identical to those
in SLE patients, where they especially associate with lupus nephritis, raises the
question why these autoantibodies are harmful in one person but not in the other.
It is conceivable that for local pathology to occur, the target of these autoantibodies
must be abundantly present and this organ or location must be vulnerable to the
effector mechanisms mediated by the autoantibodies. In the case of lupus nephritis,
this location is the kidney, more specifically the glomerulus. Indeed, in a mouse model
of lupus nephritis, renal pathology by anti-C1q is only observed in the presence of Clqg-
containing immune complexes [62]. This same study also found that renal damage
depended on Clg, complement activation and also on Fcy receptors. In chapter
6, we found that addition of anti-C1q to Clg-containing immune complexes did not
increase complement activation. We also investigated Fcy receptors and observed that
their binding to immune complexes markedly decreased by addition of Clq, probably
because C1qg occupies or masks the binding site for Fcy receptors on IgG as reported
recently [63]. Reversely, binding of Fcy receptors increased again after subsequent
addition of anti-C1q antibodies. We unite these results in chapter 6 and earlier results
by Trouw et al., to hypothesize that complement activation by immune complexes
deposited in the glomeruli attracts immune cells, while anti-C1q antibodies on the Clg-
containing immune complexes engages Fcy receptors on these cells to cause the actual
renal pathology of lupus nepbhritis (Figure 1). This model is further supported by a recent
finding that administration of C5a receptor-blocking small molecule avacopan in a
mouse model of lupus nephritis severely reduced influx of granulocytes and prevented
kidney damage [64].

In order for anti-C1q antibodies to be present in the circulation, whether in a healthy
individual or in an SLE patient, C1g-reactive B cells must arise. Immature B cells that
recognize self-antigens with high affinity in the bone marrow or spleen should undergo
apoptosis [65]. In the case of anti-Clq it is less likely that immature B cells will encounter
solid-phase C1g however, which may allow them to escape and mature, whereas any
B cells recognizing fluid-phase C1lq would fall victim of negative selection. Mature
B cells may be stimulated upon encountering their antigen in a T cell-dependent or
independent manner. T cell-independent stimulation usually occurs for non-protein
antigens, based on multivalency to crosslink the B-cell receptor and C3d deposition
to stimulate complement receptor 2 [66]. Interestingly, C1q is also multivalent, as
we showed that multiple antibodies can bind at once, and solid-phase Clq is in an
activated state and will therefore be in close proximity of deposited C3. Still, based

on the characteristics of anti-C1q autoantibodies, it is likely they are the product of
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T-cell stimulated B cells. The autoantibodies we isolated in chapter 6 were all of the IgG
isotype and many contained a reasonable amount of V-gene mutations. These features
are typical of germinal center reactions, which require T-cell help based on peptides
presented in class Il major histocompatibility complex (MHC) on the B cell. It is unlikely
that these helper T cells specifically recognize a peptide of Clq, as they would have
been selected out, but they likely recognize a foreign protein to which C1q has bound.
A B cell producing anti-C1q would thereby receive help from a T cell recognizing an
unrelated foreign protein, analogous to the hapten-carrier effect, but now with two
proteins in complex. This is a possible way how anti-C1qg-producing B cells can arise and

continue to exist and produce these potentially harmful autoantibodies.
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Figure 1. The proposed influence of complement activation, Fc receptors and anti-Clq
autoantibodies in the pathology of lupus nephritis. (A) Deposited immune complexes in the
glomerulus activate the complement system. (B) Several products of complement activation serve
as anaphylatoxins, which are able to attract immune cells such as granulocytes to the glomerulus.
(C) The Fc receptors on the newly attracted immune cells are blocked from interacting with
immune complexes by the presence of C1lqg, which masks the binding site for Fc receptors on
antibodies. (D) The binding of anti-C1q autoantibodies to Clg-containing immune complexes
offers a target for Fc receptors, which causes the immune cells to activate. This process then
leads to glomerular inflammation and renal damage in lupus nephritis patients. Created with
BioRender.
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While anti-C1q autoantibodies can contribute to autoimmune disease, their isolation
and reproduction, as described in chapter 6, opens the door to new opportunities
as well. By specifically recognizing solid-phase Clq, these antibodies are essentially
directed towards location where classical pathway complement activation occurs.
When coupled to a tracer, these antibodies or their derived Fab fragments may be used
to trace Clq binding in tissues, for instance in patients with suspected autoimmune
disease or transplant rejection, without the need to take a biopsy. Engineered anti-
Clg may also be employed in a therapeutic setting. An aspect of the anti-Clq antibody
research we did not describe in this thesis, involves bispecific antibodies targeting both
solid-phase C1qg and a complement inhibitor such as factor H or C4b binding protein.
These engineered antibodies are able to (partially) inhibit complement-mediated cell
death in vitro. While further research is required to show efficacy and specificity in more
complex models, the engineered anti-C1q antibodies do have potential to concentrate
autologous complement inhibitors at the site of C1q activation. Thereby, the antibodies
isolated in chapter 6 may be developed into useful therapeutics for the treatment of
disease where classical pathway complement activation plays a deleterious role, such
as lupus nephritis.

The research described in this thesis underlines the many roles the complement
system, and particularly Clq, play in human physiology and disease. Our research
underlines the potential diagnostic value of C1g concentration in active TB disease and
ocular involvement in TB. Next to C1q’s role as a biomarker, it may also be a target for
therapy in TB patients with high Clq levels. If Clq is indeed vital in the regulation of
T-cell activity in TB, as proposed here, blocking C1q or its downstream signaling offers
great possibilities for therapy to unlock the immune system. Clq also is the target
of relatively common human autoantibodies. By studying these autoantibodies at a
monoclonal instead of polyclonal level, we gained new insights into both their molecular
characteristics and opened the door to new therapeutic opportunities. Most of all, this
research urges continuation and validation to increase our understanding of canonical

and non-canonical complement biology and hopefully contribute to future therapies.
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Appendices

English summary

The immune system is an important factor in the protection against disease and infection,
and it consists of an innate part and an adaptive part. The innate part recognizes several
common molecules and patterns associated with infection and damage, and rapidly reacts
to such signals. Cells of the adaptive immune system can be very specific towards one
molecule, but need more time to develop and mature in a primary immune response.
Notably, in the adaptive immune response, memory cells are formed that shorten the
reaction time when their particular target is encountered again. Antibodies are produced
by a specific cell type in the adaptive immune system, called B cells. These antibodies exist
as various types and specifically bind a target with their antigen-binding region. When
bound to their target, they can activate other elements of the immune system as an effector
mechanism. One of these elements is the complement system, which is a group of proteinsin
the innate immune system that can activate each other in a highly regulated chain reaction.
Complement activation starts with the classical, lectin or alternative pathway depending
on the activator. The initiator molecule of the classical pathway is called C1, which consists
of recognition protein C1q and enzymes C1r and Cl1s. Clq is capable of recognizing several

different structures, such as bacterial proteins, dying cells, and target-bound antibodies.

The immune system is critical in the defense of the human body against pathogens.
However, as introduced in chapter 1, the immune system sometimes inadvertently
turns against the body it should be protecting; this is called autoimmunity. This situation
may arise through genetic disorders causing over-activation of the immune system, or
when cells of the adaptive part of the immune system start recognizing structures that
belong to the body itself, so-called self-antigens. When this recognition of self-antigens
occurs in B cells and is not halted, it leads to the production of antibodies against self-
antigens, called autoantibodies. Various types of autoantibody are associated with
different autoimmune diseases, highlighting the relevance of these antibodies. In this
thesis, discussion of autoantibodies mainly focuses on those targeting the initiator of
the classical pathway of complement activation, C1q. An interesting feature of anti-Clq
autoantibodies is their specificity to solid-phase Clq, a conformational state which Clq
adopts upon binding to its ligands. This type of autoantibody is strongly associated with
systemic lupus erythematosus (SLE) and especially lupus nephritis. Due to the crucial
role of autoantibodies as well as the complement system in (auto)immunity, this thesis

describes C1q and anti-C1q autoantibodies in the context of several diseases.

In chapter 2, we reviewed the role the complement system plays in several rheumatic
diseases. The role of complement in the pathogenesis of rheumatoid arthritis (RA) is
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mainly ascribed to the alternative pathway, while the classical pathway only plays a
minor role. In the meantime, the influence of complement on the rheumatic disease
SLE can be two-fold. Firstly, although rare, deficiency of C1q almost always leads to
development of SLE. Secondly and more commonly, SLE severity is correlated with
large-scale complement activation and deposition in tissues. Based on the evidence,
one would expect complement to play a large role in the processes that drive RA
and SLE. Complement-inhibiting drugs (including the anti-C5 therapeutic antibody
eculizumab) were tested, but were deemed to have insufficient impact on both diseases.
Conversely, in the case of anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV) there was initially no suspicion for a large role of complement. This
changed when stimulation of neutrophils through their C5a receptor was shown to
be critical for the disease process. Subsequent research and development led to the
approval and marketing of avacopan, a compound blocking the C5a receptor. While
complement activation is observed in many rheumatic diseases, therapeutic inhibition

of complement was shown to only be effective in some diseases.

Tuberculosis (TB) can occur as active disease or in a latent form. The diagnosis of
active TB disease continues to prove difficult, as current tests either do not distinguish
between latent and active infection, or take a long time to reach conclusion. This is
a problem for pulmonary TB as well as extrapulmonary manifestations of TB, such as
TB-associated uveitis. In chapter 3, we confirmed the value of Clqg as a biomarker for
active pulmonary TB disease and also established the association between high serum
Clqg concentration and TB uveitis. Furthermore, we observed an inverse correlation
between high Clqg concentration and expression of a previously published signature
set of interferon-stimulated genes. The combination of serum Clqg concentration and
the interferon signature could almost fully separate healthy individuals from patients
with active pulmonary TB disease, therefore this combination may be useful for future

clinical diagnostics.

Chapter 4 describes our research into complement and anti-complement autoantibodies
during pregnancy and in the pregnancy complication preeclampsia. Here, we observed
that serum concentrations of both C1qg and factor H were higher in women with a healthy
pregnancy than in nonpregnant controls. Possibly, C1q concentration is increased to fulfill
its role in the construction of new blood vessels and in tissue remodeling, for which there
is great need in the placenta. On the other hand, factor H is a complement regulator and
may be useful to limit complement activation in the remodeling placenta. Autoantibodies
to Clqg and factor H were also investigated in the same chapter, but presence of these

antibodies was not significantly different between preeclampsia and control pregnancy
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groups. We observed lower serum factor H concentration in women with preeclamptic
pregnancies than in women with control pregnancies. This difference was driven by early-
onset cases of preeclampsia, as factor H concentration was lower in these cases compared
to late-onset cases. These results indicate a role for C1q and factor H during pregnancy,
and suggest that low factor H concentration may be involved in the pathogenesis of

preeclampsia.

The rheumatic disease systemic sclerosis involves fibrosis of the skin and internal
organs. Pulmonary fibrosis and pulmonary arterial hypertension are the most common
lung-associated conditions in systemic sclerosis, contributing highly to mortality. In
chapter 5, we investigated the presence of anti-Clq autoantibodies among systemic
sclerosis patients, in order to find a prognostic marker for these conditions. We found
that anti-Clg was not present at a higher rate in systemic sclerosis patients than in
healthy controls. Moreover, lung fibrosis and pulmonary arterial hypertension were
not increased in patients that did have anti-C1q autoantibodies, contrary to an earlier
report. Therefore we concluded that anti-C1q autoantibodies would not have a good
prognostic value for lung conditions in systemic sclerosis patients. Furthermore, the
observed association of anti-Clq with anti-topoisomerase antibodies, which was
already reported to associate with lung complications, would detract from any added

value of anti-Clq in systemic sclerosis prognostics.

In chapter 6, we characterized several human anti-Clqg autoantibodies. We isolated B
cells that produce anti-C1q antibodies from healthy donors, and subsequently produced
these antibodies recombinantly. This allowed for the molecular characterization of
9 monoclonal human anti-C1q antibodies. The anti-Clq autoantibodies were of the
immunoglobulin G (IgG) isotype and contained variable domains with a considerable
number of mutations from the germline sequence. We confirmed the specificity for
solid-phase C1q, and measured binding of anti-C1q to C1q while C1q was bound on a
range of its natural ligands such as IgG, IgM, CRP and necrotic cells. We observed that
the antibodies bound specifically to the collagen-like region of C1q and competition
experiments reveal that at least 2 distinct epitopes are targeted by human anti-Clq.
Electron microscopy narrowed down the location of at least one of these epitopes to be
in a region close to the globular heads of Clq, and further showed that this epitope is
present multiple times on a C1q molecule.

The anti-C1q autoantibodies isolated in chapter 6 showed competition for binding to
Clq with anti-Clq in the serum of SLE patients, indicating that they bind the same or
similar epitopes on Clg. Addition of anti-C1lq antibodies to Clg-containing immune
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complexes did not yield additional complement activation, but did increase binding of
Fcy-receptors. In cellular assays, this translated into the ability of anti-Clg to enhance
the phagocytosis of Clg-opsonized particles by human phagocytes, demonstrating the
capacity to functionally engage Fc receptors. These data led us to propose a model
for the involvement of anti-Clq autoantibodies in lupus nephritis, a disease they are
strongly associated with. We know from literature that deposited immune complexes are
necessary for anti-C1q to be pathogenic. These immune complexes bind C1q and activate
complement. According to our hypothesis, complement activation attracts immune cells
through anaphylatoxins, however Fc receptors on these cells are not yet engaged because
C1qg masks the antibodies in the immune complex. Only when anti-Clq autoantibodies
bind to deposited, C1g-containing complexes, do the immune cells have a target for their
Fc receptors, leading to cellular activation and damage to the kidney of the SLE patient. In
healthy individuals, such as the donors from whom we isolated the anti-C1q antibodies, no
immune complexes are deposited in the kidney, therefore they do not develop nephritis
even if they have anti-C1q autoantibodies.

Together, the research described in this thesis shows that complement, and mainly
Clq, confers pathogenic effects, contributes to physiology, is a therapeutic target and a
diagnostic tool, all besides its traditional role in fighting infections. Additionally, studies
characterizing autoantibodies against Clq allowed for new understanding of their
molecular features and immunological impact. The research presented here therefore
urges further investigation into C1q and anti-C1q autoantibodies, and hopefully provides

a foundation for future clinical application.
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Het immuunsysteem kan worden opgedeeld in een aangeboren deel en een verworven
deel, die samen zorgen voor bescherming tegen ziektes. Het aangeboren deel herkent een
aantal patronen die aanwezig zijn op veel ziekteverwekkers. Hierdoor kan het aangeboren
immuunsysteem zeer snel reageren op een nieuwe infectie, maar is het niet zo specifiek.
Het verworven immuunsysteem is daarentegen zeer specifiek, maar heeft meer tijd
nodig om een reactie te ontwikkelen. Bovendien blijft de specificiteit van het verworven
immuunsysteem gedeeltelijk in stand tot wel tientallen jaren nadat het heeft gereageerd
op bijvoorbeeld een infectie of vaccinatie. Zo kunnen deze cellen als ‘geheugen’ dienen
en sneller reageren als ze hun specifieke doelwit opnieuw tegenkomen. Een belangrijk
onderdeel van het verworven immuunsysteem zijn B cellen, die verantwoordelijk zijn
voor het maken van antilichamen. Deze moleculen spelen een cruciale rol in de afweer
tegen infecties door heel specifieke moleculen (op bijvoorbeeld bacterién en virussen) te
herkennen en vervolgens ofwel af te dekken, of andere delen van het immuunsysteem te
activeren tegen dit doelwit. Antilichamen komen voor in verschillende types, die elk via
andere effector mechanismen het immuun systeem kunnen activeren.

Een van de delen van het aangeboren immuunsysteem dat door antilichamen
geactiveerd kan worden is het complementsysteem. Dit is een groep van enkele
tientallen verschillende moleculen die aanwezig zijn in het bloed, en die op verschillende
manieren geactiveerd kunnen worden. Het complementsysteem is onderverdeeld in
een klassieke, lectine en alternatieve route. De moleculen in iedere route kunnen steeds
een volgend molecuul in een kettingreactie activeren, totdat ze samenkomen bij de
moleculen C3 en C5. Vanaf daar volgt de kettingreactie voor alle routes hetzelfde pad,
waarbij een complex van moleculen samenkomt en een gat kan vormen in het membraan
van de cel waar ze aan gebonden zijn. Daarnaast kunnen verschillende geactiveerde
complementmoleculen binden aan receptoren op cellen van het immuunsysteem, om
deze aan te trekken en aan te zetten tot actie. Het herkennen van doelwitten wordt in
de klassieke route van het complementsysteem gedaan door Clq, een molecuul waar
een groot deel van dit proefschrift over gaat. Binding van C1q aan ziekteverwekkers kan
plaatsvinden doordat Clq direct aan structuren van de pathogeen bindt, of doordat
er eerst antilichamen aan de pathogeen binden waaraan vervolgens C1lq kan binden.
Directe binding van C1q aan dode lichaamseigen cellen speelt daarnaast een belangrijke
rol bij het tijdig verwijderen van deze cellen.

Een belangrijk proces in alle delen van het immuunsysteem is het onderscheiden van
lichaamseigen en lichaamsvreemde moleculen. Zoals geintroduceerd in hoofdstuk 1 gaat
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het maken van dit onderscheid helaas wel eens mis en valt het immuunsysteem het eigen
lichaam aan; dit noemen we auto-immuniteit. Dit kan veroorzaakt worden door factoren
uit de omgeving, genetische afwijkingen die zorgen voor een te actief immuunsysteem,
of door cellen van het verworven immuunsysteem die een onderdeel van het eigen
lichaam beginnen te herkennen als doelwit. Wanneer deze herkenning van lichaamseigen
structuren door B cellen niet geremd wordt, leidt dat tot de productie van antilichamen
tegen het eigen lichaam, zogenoemde autoantilichamen. In dit proefschrift worden
vooral autoantilichamen beschreven die binden aan Clg. Deze anti-C1lq antilichamen
komen voor bij een paar procent van de algemene bevolking, maar zijn vooral bekend
vanwege hun relatie met de auto-immuunziekte Systemische Lupus Erythematodes (SLE)
en specifiek de bijbehorende nieraandoening lupus nefritis. Anti-C1q autoantilichamen
herkennen Clq alleen als Clq in een specifieke vorm aanwezig is. Wanneer Clq bindt
aan een structuur verandert het een beetje van vorm, wat ook een deel van Clq nieuw
beschikbaar maakt wat eerder verborgen was. Deze vorm van C1q noemen we ligand-
gebonden Clg. Specifiek het deel van Clq dat in deze vorm beschikbaar komt, wordt
herkend door anti-C1q autoantilichamen. Om deze reden kunnen C1q en anti-C1q tegelijk
in het bloed voorkomen zonder aan elkaar te binden; dat gebeurt pas nadat C1q een ligand
vindt en van vorm verandert. Vanwege het belangrijke aandeel van autoantilichamen en
ook het complementsysteem in gezondheid en auto-immuniteit, beschrijft dit proefschrift
onderzoeken naar Clq en anti-Clq autoantilichamen in de context van verschillende
ziektes. Daarbij komt eerst een literatuuronderzoek aan bod over complement in
reumatische ziektes, vervolgens hoofdstukken over C1q in tuberculose en zwangerschap

en tot slot autoantilichamen tegen Clq.

In hoofdstuk 2 maakten we een overzicht van de rol van complement in verschillende
reumatische ziektes. Voor reumatoide artritis (RA) wordt de rol van complement vooral
toegeschreven aan de alternatieve route, terwijl de klassieke route een kleinere rol speelt.
In het geval van SLE is de invloed van complement tweezijdig. In het zeldzame geval dat
iemand helemaal geen Clq heeft, krijgt diegene bijna altijd SLE. Wat vaker voorkomt is dat
ernstige SLE samengaat met grootschalige activatie en neerslag van complementin organen
en weefsels. Dit gaat soms zo ver dat een groot deel van de complementmoleculen worden
opgebruikt. Op basis van deze feiten zou men verwachten dat complement een grote rol
speelt in de ziekteprocessen die RA en SLE veroorzaken. Daarom zijn er verschillende
medicijnen zoals eculizumab, een antilichaam dat de activatie van C5 in de kettingreactie
stopt, getest in patiénten met deze ziektes. Echter bleek na onderzoek dat deze medicijnen
onvoldoende invioed hadden op de ernst van RA en SLE. In een andere auto-immuunziekte,
genaamd anti-neutrofiel cytoplasmatisch antilichaam geassocieerde vasculitis (in het
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Engels afgekort tot AAV), werd in eerste instantie juist niet verwacht dat complement een
grote rol zou spelen. Dit veranderde echter toen men erachter kwam dat aantrekking en
stimulatie van neutrofielen (een type immuuncel) door complementmolecuul C5a een
cruciaal onderdeel was van het ziekteproces van AAV. Vervolgens heeft verder onderzoek
geleid tot de ontwikkeling en goedkeuring van avacopan, een molecuul dat de receptor
voor C5a blokkeert zodat neutrofielen minder sterk worden geactiveerd. Activatie van het
complementsysteem wordt dus in veel reumatische ziektes gezien, maar het blokkeren

van complement met medicijnen is slechts bij enkele van deze ziektes effectief.

Tuberculose (TBC) kan voorkomen als een actieve ziekte, of in latente vorm. De diagnose
van TBC is nog altijd lastig te stellen, omdat huidige testen geen onderscheid maken
tussen de actieve en de latente vorm, of erg lang duren alvorens een conclusie kan
worden getrokken. Dit is vooral een probleem in landen waar TBC veel voorkomt en
dus een aanzienlijk deel van de bevolking een latente tuberculose-infectie heeft. TBC
komt meestal voor in de longen, maar kan ook andere organen infecteren, waaronder
de ogen (genaamd TBC uveitis). Hierbij is diagnose met de huidige testen nog lastiger
vanwege de geringe bereikbaarheid. In hoofdstuk 3 konden we de waarde van Clq als
biomarker bevestigen om actieve TBC in de longen aan te tonen en vaststellen dat er
een verband is tussen de concentratie van C1q in serum en de aanwezigheid van TBC
uveitis. Daarnaast vonden we een negatieve correlatie tussen hoge C1lq concentratie
in serum enerzijds, en de transcriptie van een eerder gepubliceerde groep genen die
door interferon gestimuleerd worden anderzijds. Door te kijken naar de combinatie van
de Clq concentratie en de transcriptie van interferon-gestimuleerde genen, konden
we gezonde mensen bijna volledig onderscheiden van patiénten met actieve TBC in
de longen. Op deze manier kunnen deze testen mogelijk in de toekomst deel gaan

uitmaken van TBC diagnostiek.

Hoofdstuk 4 beschrijft ons onderzoek naar complement en autoantilichamen
tegen complement tijdens zwangerschap en de complicatie pre-eclampsie, ook wel
zwangerschapsvergiftiging. Dit is een aandoening die tijdens de tweede helft van de
zwangerschap aan het licht komt bij 3% tot 5% van de zwangerschappen en die zich
kenmerkt door eiwitverlies in de urine en een te hoge bloeddruk. Deze aandoening stopt
pas weer na de bevalling. In dit onderzoek hebben we de concentraties C1q en factor H,
een remmer van het complementsysteem, gemeten. Dit deden we in serummonsters
van niet zwangere vrouwen, vrouwen met een gezonde zwangerschap en vrouwen
met pre-eclampsie tijdens hun zwangerschap, afkomstig uit Nederland, Finland en
Noorwegen. In het eerste deel zagen we een hogere concentratie van zowel Clq als
factor H in het serum van zwangere vrouwen vergeleken met niet zwangere vrouwen.
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Mogelijk wordt dit met opzet door het lichaam gedaan, omdat Clq een rol speelt bij
de aanleg van nieuwe bloedvaten en het modelleren van weefsel, beide processen die
nodig zijn in een placenta. Factor H kan daarentegen activatie van complement remmen
en zou zo onbedoelde schade kunnen voorkomen tijdens de aanleg van de placenta. In
hoofdstuk 4 onderzochten we ook autoantilichamen tegen Clq en factor H, maar de
aanwezigheid hiervan verschilde niet tussen vrouwen met en zonder pre-eclampsie. De
concentratie van factor H was echter lager in vrouwen met pre-eclampsie dan in vrouwen
met een gezonde zwangerschap. Het verschil tussen deze groepen werd voornamelijk
veroorzaakt door de gevallen van pre-eclampsie met vroege aanvang, waarbij de
bevalling plaatsvindt voor de 34¢ week van de zwangerschap voorbij is. De resultaten
van dit onderzoek suggereren een rol voor Clq en factor H tijdens zwangerschap, en

brengt een verlaagde concentratie factor H in verband met de ziekte pre-eclampsie.

De reumatische ziekte systemische sclerose, die we in hoofdstuk 5 hebben onderzocht,
kenmerkt zich door fibrose, een soort littekenvorming van de huid en interne organen.
Dit komt bij veel patiénten ook voor in de longen, waar we het longfibrose noemen,
wat bijdraagt aan de ernst van deze aandoening. Een eerder onderzoek bracht
autoantilichamen tegen Clq in verband met longfibrose in patiénten met systemische
sclerose. Om een betere voorspelling te kunnen maken van welke patiénten longfibrose
krijgen, zijn we ook anti-Clq gaan meten in patiénten met systemische sclerose in
het Leids Universitair Medisch Centrum. Echter kwamen we tot de conclusie dat anti-
Clqg autoantilichamen geen goede voorspellende waarde hebben voor longfibrose in
systemische sclerose. Bovendien zagen we dat de meerderheid van systemische sclerose
patiénten met anti-C1qg ook al autoantilichamen had tegen het molecuul topoisomerase.
Deze autoantilichamen zijn op zichzelf al geassocieerd met longaandoeningen binnen
systemische sclerose, wat helaas af zou doen aan enige toegevoegde waarde van anti-

Clg metingen voor systemische sclerose patiénten.

In hoofdstuk 6 beschreven we het onderzoek naar de moleculaire karakteristieken
van anti-C1lq autoantilichamen. Hierbij hebben we specifiek de B cellen die anti-Clq
produceren geisoleerd uit gezonde donoren en het genetisch materiaal hier uitgehaald.
Daarmee konden we in totaal 9 verschillende anti-Clq antilichamen namaken en
onderzoeken. Tot nu toe waren vooral antilichamen in serum van donoren onderzocht,
met als nadeel dat men altijd een mix van verschillende antilichamen onderzocht zonder
de exacte samenstelling of concentratie te weten. De antilichamen waren allemaal van
het I1gG type (het meest voorkomende type in menselijk bloed) en hadden een aanzienlijk
aantal mutaties in het variabele deel. Dit betekent dat de B cellen die deze antilichamen
produceren een behoorlijke ontwikkeling hebben doorgemaakt, waarschijnlijk met hulp
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en stimulatie van andere immuuncellen. Verder hebben we bevestigd dat de anti-Clq
autoantilichamen inderdaad specifiek zijn voor ligand-gebonden Clg en hebben we
binding van anti-C1q aan Clqg gemeten terwijl Clq gebonden was aan verschillende

natuurlijke liganden, zoals antilichamen, CRP en dode cellen.

Experimenten om competitie te meten tussen antilichamen lieten zien dat onze anti-
Clq autoantilichamen op te delen zijn in 2 groepen, waarbij elke groep aan een ander
deel van C1q bindt. C1q bestaat uit 6 koppen die elk een collageenachtige staart hebben.
De staarten zitten aan elkaar vast en vormen samen de collageenachtige regio. In onze
experimenten zagen we dat alle anti-Clg autoantilichamen aan de collageenachtige
regio van Clq binden. Door middel van elektronenmicroscopie toonden we aan dat
een van de antilichamen dichtbij de koppen van Clq bindt, en tevens dat meerdere
van deze identieke antilichamen tegelijk aan hetzelfde C1q molecuul kunnen binden.
De antilichamen die we in hoofdstuk 6 hebben nagemaakt waren afkomstig van
gezonde donoren, echter is het ook interessant om te weten wat we op basis van deze
antilichamen kunnen leren over anti-Clg autoantilichamen in SLE patiénten. Daarom
voerden we opnieuw experimenten uit om competitie te bekijken, dit keer tussen onze
geisoleerde anti-C1q en anti-Clq in het serum van SLE patiénten. Hieruit bleek dat beide
groepen anti-C1lqg binden op dezelfde of vergelijkbare plekken op Clg.

Wanneer antilichamen binden aan hun doelwit, kunnen ze verschillende andere delen
van immuunsysteem activeren, afhankelijk van het type antilichaam. Antilichamen
van het type 1gG1, zoals onze nagemaakte anti-Clq, kunnen zowel Clq binden om
complement te activeren alsook om Fc receptoren op immuuncellen activeren. In
hoeverre beide ook daadwerkelijk gebeurt hangt af van verschillende omstandigheden,
zoals de manier waarop het antilichaam aan zijn doelwit bindt. Daarom onderzochten
we welke mechanismen geactiveerd worden wanneer anti-Clq aan ligand-gebonden
Clq bindt. De toevoeging van anti-C1lq aan ligand-gebonden Clq zorgde niet voor extra
activatie van complement, maar wel voor binding en activatie van immuuncellen via Fc
receptoren. Op basis van deze gegevens konden we een hypothese opstellen voor de
rol van anti-C1q in het ziekteproces van nierontsteking in SLE patiénten (lupus nefritis).
Uit de literatuur is bekend dat immuuncomplexen (dat zijn clusters van antilichamen
en hun doelwitten) in de nieren cruciaal zijn voor de ziekmakende invloed van anti-
Clg. Bovendien zijn zowel complement activatie als Fc receptoren nodig. Aan de
immuuncomplexen bindt Clqg, wat zorgt voor complement activatie. Volgens onze
hypothese zorgt deze complement activatie niet meteen voor de schade aan de nier,
maar geactiveerde stukjes van complementmoleculen trekken wel immuuncellen aan.

De Fc receptoren op deze immuuncellen kunnen echter niet aan de immuuncomplexen
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binden, omdat Clq daar al op zit en de bindingsplaats blokkeert. Wanneer anti-Clq
autoantilichamen vervolgens aan Clq binden, kunnen Fc receptoren op hun beurt aan
anti-C1lqg antilichamen binden. Hierdoor raken de immuuncellen met Fc receptoren
geactiveerd en scheiden ze schadelijk stoffen uit, die de nieren beschadigen. Dit hele
proces is echter afhankelijk van de aanwezigheid van immuuncomplexen die neerslaan
in de nier; in SLE patiénten komen deze immuuncomplexen vaak voor. Gezonde
personen, zoals de donoren waaruit wij anti-C1q autoantilichamen hebben geisoleerd,
hebben normaalgesproken vrijwel geen immuuncomplexen in hun bloed, waardoor ze
geen nierontsteking ontwikkelen ondanks de anti-C1q autoantilichamen.

Het in dit proefschrift beschreven onderzoek laat zien dat complement, en met name
Clq, naast zijn traditionele rol in de afweer tegen infecties ook ziekmakende effecten
heeft, bijdraagt aan gezonde fysiologie en een therapeutisch doelwit en een diagnostisch
hulpmiddel is. Daarnaast hebben de studies naar anti-Clq autoantilichamen geleid
tot nieuw inzicht in hun moleculaire kenmerken en immunologische invloed. Met
dit werk hopen we aanleiding te geven tot verder onderzoek naar Clq en anti-Clq
autoantilichamen, en een basis te vormen voor toekomstige klinische toepassing.
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